BG-2023-21: Authors’ response

Pirk et al.

We are grateful to the reviewer for the thoughtful comments and suggestions to
our manuscript. We have compiled a revised version and in the following provide
a point-by-point reply to all issues raised. For each comment, we first highlight the
issue, then provide an answer, and finally describe how the manuscript was adjusted.
We also provide a revised version of the manuscript with highlighted changes.



REVIEWER # 1

COMMENT # 1.1

The manuscript by Pirk et al. investigates links between net ecosystem CO2 and water vapour
exchange and snowpack dynamics at an alpine tundra over a three-year observation period.
The authors combine observations using the eddy covariance technique with remote sensing
observations of snow cover and of vegetation indices and with land cover classifications. One
of their main findings is that the site turned into an annual net CO2 source during the year
with most snow accumulation and consequently the latest snowmelt date, while the site was
a net CO2 sink during the other years when snow cover was close to the long-term mean.
Understanding interactions between snowpack dynamics and land-atmosphere exchange of
CO2 and water vapour is crucial to better predict climate change impacts on alpine ecosystems
and the topic of this study is thus timely and addresses an important research topic.

Reply:

We would like to thank the reviewer for this positive overall assessment and the
thorough review that follows.

COMMENT # 1.2

However, in my opinion, the study would strongly benefit from clearly defined research ques-
tions that better link to the authors” analyses. The submitted manuscript presents various
analyses that are only loosely connected. The lack of coherence makes it difficult for the reader
to grasp the most important findings/implications of this study. The authors may consider
reframing the study and to link each analysis to a specific objective.

Reply:

We acknowledge that the objectives of our study should be clarified to improve the
coherence of the manuscript. To this end, we suggest to add the following bullet
point list at the end of the Introduction section, as also suggested in Comment #1.7
below.

Changes:

The present study aims to explore the role of snow cover duration for ecosystem

functioning in alpine tundra. Specifically, our four main objectives are to

e document the link between the presence of ecosystem types and snow cover
duration for an alpine tundra site in Norwa



e guantify and determine the importance of snow cover as a driver of NEE and
ET flux dynamics at the ecosystem scale

e combine high resolution remote sensing with in-situ measurements through
machine learning for flux gap-filling to quantify the annual NEE and ET balances
during normal and extreme snow years

¢ and contextualize the snow cover in the 2020 extreme snow vear in terms of
climatology using reanalysis and moderate resolution remote sensing data.

COMMENT # 1.3

For example, it remains unclear how the spatial variability in melt-out dates across the land-
scape links to interannual variability in NEE and ET.

Reply:

We see the observed link between melt-out dates and ecosystem types as a manifesta-
tion of the same underlying processes that create the observed interannual variability
in NEE and ET, such as is sometimes employed in space-for-time substitutions. The
spatial distribution of ecosystem types is mainly revealing the average conditions as
it may take several decades for ecosystems to respond to changed conditions. Our
flux measurements, on the other hand, resolve the fast responses and interannual
variability. To clarify this view, we propose to add the following sentences to the
Introduction and Conclusion

Changes:
In the Introduction

If snow-vegetation-atmosphere interactions are indeed a structuring mechanism for
the ecosystem at Finse, we would expect to find responses on different temporal
scales, such as (i) a large importance of snow cover variables for instantaneous flux
predictions, (ii) a distinct reduction of annual NEE and ET budgets in extreme snow
years, and (iii) a link between melt-out dates and the presence of ecosystem types

as a reflection of the decadal average conditions. We use the eddy covariance (EC)
technique...

In the Conclusion
Our analysis shows the consistencies and dependencies between these fluxes, ecosys-
tem types, and the snow cover duration in three consecutive years. The spatial

variability in melt-out dates of different ecosystem types (Figure 2a) and the temporal
response of ecosystem-scale NEE and ET to extreme snow vears (Figure 6) represent
a complementary manifestation of snow-vegetation-atmosphere interactions at different



scales that determine ecosystem functioning at the Finse site.

COMMENT # 1.4

Furthermore, the authors demonstrate a link between snow accumulation and synoptic at-
mospheric circulation patterns. However, it remains unclear how this analysis then links to
the flux tower measurements. The authors present a range of interesting findings that would
have a much stronger impact if they were logically connected.

Reply:

Our intention with the analysis of the link between snow accumulation and synop-
tic atmospheric circulation patterns was to provide the context for the extreme snow
accumulation in 2020. We acknowledge that this analysis cannot provide a causal ex-
planation of the snowfall dynamics, but we still think it adds important information
for the rest of our study. We specifically added one item (point 4) to the bullet point
list suggested in response to Comment #1.2 above that helps to motivate this analysis
and connect it with the rest of the manuscript. We also propose to add a sub-sentence
in the Methods part to mention that the connection between atmospheric circulation
patterns and the variability in snow conditions has already been established in other
studies. Finally, we propose to streamline the paragraph in Section 3.1 describing
these findings.

Changes:

In Materials and Methods

Similar to the North Atlantic Oscillation Index, which has already been linked to
variability in snow water equivalent in Norway (1), the Scandinavian Pattern Index
is based on the surface air pressure difference between the subtropical and subpolar
regions.

In Section 3.1

Most of the snowpack at Finse built up in only a few major precipitation events
and almost half of the maximum snow depth accumulated during two snowfall
events in the winter months (Figure S1 of the Supplement). The intensity of win-
tertime precipitation in southern Norway can in part be explained by the synoptic
atmospheric circulation pattern as exemplified by the large anti-correlation between
the Scandinavian Pattern Index and February precipitation shewn-in-(Figure 3a-
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dex for February exhibited its lowest value in the ERA5 record (1950-2021), while
2019 and 2021 were close to the mean value (Figure 3b). The associated large snow-

fall events in the winter of 2020 contributed to the extremely late snow melt-out

(Figure 3c). The beta distribution fitted to the melt-out dates {maximum-likelihood
shape parameters-o— 342 and-$—18:98)-shows that 2020 falls on the 92"4-percentile
of the distribution, rendering 2020 an extremely snow-rich year. The snow melt-out
date in 2020 ranked 2"¢ in this time series of 21 years (only exceeded in 2015).

COMMENT # 1.5

In some cases, the author report correlation coefficients () and in some cases the coefficient of
determination (R?). I would recommend a consistent use of one of the two metrics.

Reply:

When we want to quantify an association between different variables we use r as a
measure of (linear) dependence, but when we want to quantify the predictive capa-
bilities of a model we use R? between (nonlinear) model predictions and independent
observations. In our manuscript, we only use R? to evaluate the predictive capabil-
ities of the random forest model. We could change this to correlation coefficients,
but this would seem quite unconventional. We would therefore prefer to leave these
statistics unchanged.

COMMENT # 1.6

Line 51-55: It remains unclear how the analysis of water-use efficiency contributes to the
main goals of this study.

Reply:

We agree that the analysis of WUE, showing a distinct increase in WUE in 2021,
should be better rooted in our manuscript. To this end, we propose to add the fol-
lowing sentence to this paragraph of the Introduction, as well as in the Conclusion.

Changes:

In the Introduction

The link between the carbon and water cycles in terrestrial ecosystems can be as-
sessed through the ratio of NEE and ET, known as the ecosystem water-use effi-
ciency (as opposed to leaf-level water-use efficiency derived from photosynthesis
and transpiration), which provides another key indicator for ecosystem functioning
under changing environmental conditions (2; 3). If an ecosystem has been subject to



biochemical or biophysical shifts due to extreme conditions, one may expect to see
this reflected in the ecosystem’s water-use efficiency.

In the Conclusion

2020 is identified as an extremely snow-rich year associated with a record-low SCA
index for February, which reduced the total annual evapotranspiration to 50% and
reduced the growing season carbon assimilation to turn the ecosystem from a mod-
erate annual carbon sink (—31 to —6 gC m~2 yr~') to an even stronger source (34 to

20 gC m~2 yr ). The ecosystem water-use efficiency increased by about 47% in the
ear after the extreme snow vear, but longer flux monitoring is needed to assess if
this response constitutes a persistent structural shift to the extremely short growin

season. As alpine tundra in Norway is less affected by disturbances such as wild-
tires, insect outbreaks, or heat waves, our analysis suggests that snow cover anoma-
lies are driving the most consequential strueturalshifts-short-term responses in this
ecosystem’s functioning.

COMMENT #1.7

Line 77-84: Here, listing of the main objectives would help framing the study. As it is written
now, it emphasises the “exploration” of various datasets, but I think the logical links between
these analyses need to be explained.

Reply:

We followed the reviewer’s suggestion and added a bullet point list of objectives to
this paragraph

Changes:

see changes in Comment #1.2 above

COMMENT # 1.8

Line 92: I do not think that the “minimum 30-min average” is a good metric to support the
statement that winters are mild.

Reply:
We agree and instead report the winter and summer mean 30-min averages now.

Changes:



The climate is arctic and features maritime influenceswithrelatively mild-winters
{(minimum-30-min-average-. Winters are relatively mild with December-January-Februar
mean 2 m air temperature of 30:4°7.4°C measured between 2019-2021)-and-cool summers

{maximum-30-min-average—. Summers are relatively cool with June-July-August

mean 2 m air temperature of 22:2°8.2°C measured between 2019-2021).

COMMENT #1.9

Line 120: How were these limits determined?
Reply:

As fluxes with larger magnitudes could potentially be more influential for the pa-
rameters of our statistical model we decided to use slightly stricter quality control
thresholds for them. The chosen values for these limits of 1.0 pmol m 2 s~' for NEE
and 0.9 mmol m~2 s~! for ET (corresponding to 40 W m~2) were determined by vi-
sual inspection of the respective flux time series, and correspond approximately to
the 40™-percentile (after filtering) for both fluxes. We propose to mention the per-
centile of these limits to clarify the manuscript.

Changes:

We also discard data with mean horizontal wind speeds below 1.5 m s, all fluxes
with quality flag 2 in the scheme by (4), as well as fluxes with quality flag 1 if
they have relatively large magnitudes{, i.e., above 1.0 pmol m~2 s~! for NEE and

0.9 mmol m—2 s~ for ET (corresponding approximately to the 40th-percentile for both
fluxes after filtering).

COMMENT # 1.10

Line 224-225: This statement should be supported by observations. What is the contribution
of February to total winter snowfall events?

Reply:

This question is very difficult to answer because we are not aware of any long-term
observations of snowfall magnitudes near our site, so we deliberately only mention
that February features "large snowfall events". We recently installed a disdrom-
eter at Finse to discriminate between different types of precipitation (rain, snow,
sleet, freezing rain, and hail), but have not acquired sufficiently long time series
to estimate robust statistics. Available snow depth measurements are complicated
by other effects like snow compaction and wind redistribution, and temperature-



based precipitation phase partitioning is notoriously difficult in Norway (see e.g.
http:/ /urn.nb.no/URN:NBN:no-84028). The ERA5 total precipitation field (see Fig-
ure R1) indicates a relatively even contribution to total precipitation throughout the
winter months, but does not directly represent snowfall observation. We propose a
simple rephrasing of this sentence.
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Figure R1: Average total precipitation at Finse according to ERAS5 re-analysis data
during the entire record of 1950-2022 (left) and during our measurement campaign
2019-2021 (right).

Changes:

Similar to the North Atlantic Oscillation Index, the Scandinavian Pattern Index is
based on the surface air pressure difference between the subtropical and subpolar

regions. We foeus-this-analysis-onFebruary-as-the central-winter- month,—which
exemplify the resulting patterns using February as a month in the middle of the

snow season that typically features large snowfall events.

COMMENT #1.11

Figure 2: How was NDVI treated when ground was snow covered? This analysis would be
strengthened if statistical analyses of differences between land cover types would be presented.

Reply:

We did not apply any special processing to adjust or filter NDVI estimates for snow-
covered regions or times. Fresh snow is typically characterized by low and even
negative NDVI values, which are included in the presented statistics and maps, as
well as in the signal used for the gap-filling model. We propose to clarify this by
adding the sentence below to the Results section.

Figures 2e and 2i in our manuscript give an overview of the NDVI statistics and
their differences between ecosystem types. While we agree that this analysis could
be extended with additional details (e.g. through a pair-wise analysis of variance),



we believe that this would be out of scope for our study, so we would prefer to keep
this analysis at the present level of detail.

Changes:

Averaged across the three summer months, NDVI was lower in 2020 compared to

2019 and 2021 (Figures 2e-h), which can be explained by the longer snow duration
because snow-covered areas typically have low negative NDVI values close to zero.

COMMENT #1.12

3.2 Flux dynamics in the two footprints: The authors analyse two footprints separately, which
is a reasonable approach if underlying land cover composition is very different. However, the
authors find very similar NEE and ET dynamics and it remains unclear what the added value
of this analysis is for the study. A better explanation of the separate treatment of the two
footprints would be useful.

Reply:

The drivers of NEE and ET are indeed very similar in the two footprints, as exem-
plified by the random forest predictor importances shown in Figures 5b and 5d. The
overall magnitudes, on the other hand, are actually quite different. ET, for example,
is around 90-95 mm over a normal year in footprint West, but only 60-66 mm for foot-
print East (see Figures 6¢c and 6d). Processing the flux estimates for these footprints
together would yield a weighted average for the area, which would depend on the
frequency of easterly and westerly wind directions. Each annual flux budget would
therefore represent a mixture of spatial and temporal variability, which is not desir-
able in studies like ours that aim to quantify the effect of a disturbance in a particular
time period (like an extreme snow year). We propose to clarify this view by adding
the following sentence to the first paragraph of Section 3.2

Changes:

Footprint East is characterized by a larger fraction of water surfaces and late snowbeds,
while footprint West has a larger fraction of fens and moderate snowbeds, with a

denser vegetation cover. These two footprints are therefore treated separately to

reduce the confounding effects of spatial and temporal variability of the measured
fluxes.

COMMENT #1.13



Line 328: Perhaps rephrase: “in order to maximize leaf area”
Reply:
We agree to the suggested change and propose to adjust the sentence accordingly.

Changes:

Further, in order to maximize NDVlleaf area, leaves that are pre-planned in buds
must not be injured by low winter temperatures or frost spells after bud break (5).

COMMENT # 1.14

Line 372: Gap-filling algorithms like Marginal Distribution Sampling (MDS) do not pre-
scribe functional relationships.

Reply:
Thanks for pointing this out. We propose to correct this sentence as follows.

Changes:

Unlike other commonly used gap-filling algorithms {(6)like marginal distribution

sampling (6) where gaps are filled with average fluxes measured during similar
ondltlons w1th1n a moving time window, the random forest model assumesne

fepfeseﬂ{aheﬁehm 11c1t1 models the nonhnear blogeo chem1ca1 and -physical in-
teractions that give rise to fluxes.



REVIEWER # 2
COMMENT # 2.1

Pirk and others explore the response of a Norwegian alpine tundra ecosystem to a year with
anomalously late snowmelt. The Introduction bounced around a bit between different topics
including carbon flux, plant succession, global change, hydrology, remote sensing, and more.
All of these things are interconnected of course, and the Introduction was very nicely cited,
but the topics could be linked more clearly to point toward the particular topic of this study.
As a consequence it wasn't entirely clear why the landsat, sentinel, and modis observations
were used when modis measures more frequently at coarser scales and landsat and sentinel
measure less frequently at finer scales, and how these observations fit together. Was MODIS
for historical melt out dates and how were melt out dates characterized for the 16 day landsat
overpass? The results are interesting but I had a difficult time understanding how everything
fit together.

Reply:

We would like to thank the reviewer for the constructive and helpful comments. We
acknowledge that the different topics introduced in the Introduction should be better
linked to improve the logical flow in our study. We propose to implement changes as
outlined in Comment #2.3 below as well as in Comment #1.2 by Reviewer 1.

Regarding remote sensing, we use merged and gap-filled Sentinel-2 and Landsat
8 imagery in the period 09.2018-09.2021 to retrieve high resolution daily FSCA and
NDVI There retrievals are used as predictors in the flux gap-filling and to analyze
spatial patterns including the link to ecosystem type (Figure 2). Note that the 16-
day Landsat imagery was never used in isolation, but was instead combined with
Sentinel-2 imagery using Gaussian process regression resulting in merged FSCA and
NDVI products. Longer-term but coarser scale MODIS imagery is used to retrieve
FSCA over two decades, from which we estimate the melt-out date of the seasonal
snowpack for each water year in the period 2001-2021 for the area around the Finse
flux tower. These melt out dates are used to help contextualize the snow cover dy-
namics in the three water years 2019-2021 in terms of the longer term snow climatol-
ogy around Finse (Figure 3). The quality of the MODIS data is also briefly evaluated
using the higher resolution satellite imagery as a reference. This has now been clari-
tied in the new subsection "Satellite remote sensing" as follows.

Changes:

High resolution satellite-based daily fractional snow covered area (FSCA) and Normalized
Difference Vegetation Index (NDVI) estimates are employed both as predictors in the
flux gap-filling (Section 2.5) as well as to analyze the spatio-temporal links between



snow melt-out and the presence of ecosystem types based on in-situ vegetation mapping

(Section 2.6). These estimates were obtained by merging and temporally gap-filling

area around the Finse flux tower at a ground sampling distance of 10 m. For this
urpose, we combine surface reflectance imagery (i.e., level 2 products) from both

the twin Sentinel-2 satellites and the Landsat 8 satellite in the following six wavelength
bands: blue (~ 0.49 um), green (~ 0.55 um), red (~ 0.65 um), near-infrared (~ 0.
shortwave infrared 1 (= 1.6 pum), and shortwave infrared 2 (= 2.1 um). The data
were obtained from Google Earth Engine (7), which is a cloud-based platform that
harvests these open datasets from the original data sources, namely Copernicus
(Sentinel-2) and USGS (Landsat 8). The FSCA is retrieved using the spectral unmixing
approach described in (8). The NDVI, which is commonly used as a proxy for
surface greenness, leaf area, and vegetation development, is calculated according to
its standard definition (9). To avoid artifacts in the satellite-based surface reflectance
data that can occur due to clouds, we manually selected cloud-free scenes. This
selection provided a total of 93 Sentinel-2 scenes and 20 Landsat 8 scenes for the
entire study period, resulting in an average of around four cloud-free scenes per
month. Note that Landsat 8 imagery, which has a slightly coarser (30 m) native
resolution, was only used for days where no 10 m Sentinel-2 imagery was available.
The combined stack of cloud-free retrievals of FSCA and NDVI were interpolated
in time, independently for each pixel using Gaussian process regression (10) with
an exponential kernel and automatic relevance detection. Snow melt-out date was
determined for each pixel as the first day with FSCA below 0.25.

Lower resolution satellite imagery with a longer temporal extent is used to build
a multi-decadal climatology of the melt-out date of the seasonal snow cover around
Finse that can help contextualize the melt out-dates during the study period (2019-2021).
For this purpose, we use daily Normalized Difference Snow Index estimates from the
MODerate resolution Imaging Spectroradiometer (MODIS) at 500 m spatial resolution
to retrieve the FSCA based on a linear relationship (11) for all water years (September-August
from 2001 to 2021. MODIS is an optical satellite-based sensor currently onboard
two polar-orbiting satellites, namely Terra and Aqua. These measurements from the
MODIS sensors include gaps mainly due to cloud cover. By merging two MODIS-based
snow products from Terra (MOD10A1; 12) and Aqua (MYD10A1; 13), we are reducing
these gaps for a given day. Subsequently, a temporal cloud gap-filling algorithm
following (14) is applied to this merged product to obtain gap-free daily FSCA estimates.
For each pixel, snow melt-out dates are determined as the last day in a water year
with FSCA greater than 0.25 during a period with at least five consecutive snow

cover days. We averaged these estimates from the four closest MODIS pixels to
the Finse tower to determine the snow melt-out dates at our site. To estimate the




exceedance probability of the late snow melt-out in 2020, and to identify whether
or not this year was an extreme vear, we fit a beta distribution—a commonly used

distribution with two shape parameters (« and 3) for double-bounded random variables—to
the melt-out dates from the MODIS dataset with the maximum likelihood method.

Using gamma, logit-normal, and Generalized Extreme Value distributions for the
fit to_the melt-out dates only has minimal influence on the resulting exceedance
probability.

The FSCA dynamics estimated from the MODIS data agrees qualitatively with
a visual inspection of daily webcam imagery available at the Finse research station
(www.finse.uiono/news/webcam/). We also evaluated the snow cover duration
from the MODIS using the higher resolution (Sentinel-2 and Landsat 8) retrievals as
areference during an overlap period (from 2017 to 2021) and found a close agreement
with an root mean square error of 6 days and a correlation coefficient r = 0.98 for the
9 km’ study area.

COMMENT # 2.2
Are fig. 5 c and d on log scales?
Reply:

Yes indeed, the y-axes in these plots are scaled logarithmically. We have clarified
this by adding more y-labels to these axes in the revised version of the figure (see
Figure R2), and additionally noted this in the figure caption.

COMMENT # 2.3

The eddy covariance measurements were discussed nicely and the gapfilling approach was
well suited to the site. All in all with some restructuring and focus on a consistent narrative
the manuscript will be publishable as it makes some interesting points.

Reply:

Thanks for this positive evaluation.

We also worked more on the structure of the manuscript. The method subsection
on "Satellite remote sensing and synoptic patterns” has now been split into two sub-
sections. The resulting subsection on "Satellite remote sensing” was moved before
the subsection on "Flux gap-filling" because two remotely sensed variables are used
there. We also added more references between the subsections of our methods to
improve the coherence of the manuscript.
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Figure R2: Flux dynamics and drivers. Left: Gap-filled NEE and ET as fingerprint
plots for footprint West. Right: Predictor importance of the random forest regression
models of both footprint East and West plotted on a logarithmic scale. Black error
bars indicate the standard deviation across the 2000 trees in the respective random
forests.

To improve the logical flow in the Introduction, we propose to implement the
following changes, aiming to highlight the specific topic at the beginning of a few of
the paragraphs.

Changes:

Community ecologists have long recognized that plant associations form and thrive

in specific ranges of environmental conditions (15; 16). Responses-to-changes-in-site
conditions-depend-oncomplexplantplantinteractions, whichHowever, snow-vegetation
interactions and the related responses to snow cover changes in high latitude and

altitude ecosystems can be highly context-dependent (17;18)(19; 18). (5) and (20)
analyzed...



he-widespread-greening-of mountain-slopes;-as—quantified-by-the-There are a
number of indicators for an ecosystem’s interaction with the atmosphere that—while
related—highlight different aspects of this coupling. The Normalized Difference
Vegetation Index (NDVI)(9);ean, for example, has been used to document widespread
greening of mountain slopes (9). Such changes can in turn have profound impacts

on the ecosystem’s carbon and water balances...
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