RC2

| read this manuscript describing a modelling investigation of lateral groundwater
flow in a subarctic catchment with interest. The authors use multiple model
parameterizations to quantify hydrologic fluxes and states in a sub-Arctic
catchment, with a focus on soil moisture. The results point to the importance of
model inclusion of lateral groundwater to improve simulation of soil moisture, with
the SpaFHy-2D set-up generating a greater range in soil moisture conditions than
the other two parameterizations, most notably increasing moisture levels for
peatland soils, which are expected to have higher saturation. Overall | think the
work has merit, is suited to HESS, and can be of interest to the readership of the
journal with revisions. | found the paper to generally well written, especially the
introduction, which provides the reader with a generally clear picture of the
research needs and direction. | do however highlight below a number of areas
concern, including a caution in how the model results have been evaluated.

The model, despite the potential afforded by the new parameterization approach
described here, is nonetheless not demonstrating particularly strong ability to
simulate soil moisture, and a more rounded presentation of model performance in
analyzing the results is merited. The authors point to the potential for enhanced
process representation as being potentially needed, which | would agree with as
cold-regions processes, including snowmelt dynamics, soil freezing and infiltration
inhibition, and more are not yet considered in the model. Here | summarize some of
the overarching areas for improvement that | suggest for this work.

We would like to thank the reviewer for the careful review and constructive
feedback. Please find our replies to each comment below in blue.

1. In the methods, additional detail on what processes are captured and how
they are represented in the model are warranted. How are precipitation and
snowmelt represented to characterize hydrological dynamics of upper layer?
Does water percolating through the soil bucket immediately reach the
catchment outlet once it drains below this layer, or does the model account
for transit time to the outlet, and if so how is flow routing handled? How are
snowmelt dynamics modelled? Do frozen soils prevent infiltration?

Thank you for pointing these out. We are going to revise the text by citing to
Launiainen et al. 2019 model description section, but also by explaining the
approaches that solve relevant processes for this study at L144: “The above-ground
fluxes and state variables are computed in the canopy submodel, including rainfall
and snowfall interception and evaporation, throughfall, transpiration, and snow



accumulation and snowmelt (see Sect. 2.2. in Launiainen et al. 2019). Snowmelt is
computed with a degree-day approach while ET components are solved by the
Penman-Monteith equation. For transpiration, the canopy conductance is derived
from accounting for the stomatal optimality principle and exponential attenuation
of light in the canopy (Launiainen et al. 2019).”

Indeed, information about the discharge was vague. The discharge is assumed to
immediately reach catchment outlet (no transit time). We will clarify this better in
the revised manuscript:

L149: “The lateral water flow between the grid-cells is omitted, and drainage from
the bucket submodel is removed from the model domain as stream discharge at the
catchment outlet without delay.”

L163: “Catchment discharge at the catchment outlet is the sum of the catchment
average baseflow (predicted by TOPMODEL) and surface runoff without delay.”
L183: “We do not consider temporal changes in stream water level and omit channel
flow in the stream network; thus the sum of the outflow into the stream cells and
surface runoff form the runoff at the catchment outlet without delay.”

Soil freezing is not simulated and hence does not affect simulated infiltration. This is
already discussed in the model limitation at L483. According to preliminary and
unprocessed site data from the past few years, the soil freezing is rather minimal at
the site, presumably due to the early and deep snow cover. Hence, we believe that
assuming soil freezing does not significantly impact catchment soil moisture is
justified, particularly during the growing season.

Section 2.5 While there are a wealth of soil moisture measurements observations
described here, it is not clear how these correspond to the modelling framework.
Which depths represent the organic layer, and which depths represent the rooting
zone? Section 2.4 makes effort to descript the horizontal resolution of the
modelling, but the vertical resolution has not been described. This detail is
important in linking observational data to the modelling approach, and a fuller
explanation here would be most helpful.

Thank you, that is a good point. The soil moisture measurements were conducted
from the soil surface (0 cm) to 30 cm depth, so practically they all represent the
rootzone layer. While organic layer moisture was not directly measured, the
measurement at 0 cm depth is closest to the modelled organic moss-humus layer
(impacted by soil evaporation). We will clarify this in the revised manuscript at L257:
“All soil moisture measurements from 0 to 30 cm depth correspond to the rootzone
layer of SpaFHy. Although moisture of the organic moss-humus layer was not
directly measured, the measurements at the soil surface (0 cm depth) can, to some
extent, represent the dynamics in this layer (e.g. impacted by ground evaporation).”



We will also further stress in the discussion that comparison of modelled and in-situ
measured, and SAR-based soil moisture is complicated as they represent different
depths or be integrated measures of water content. This vertical mismatch is
common hindrance in comparing model results with data (e.g. Tyystjarvi et al., 2021;
Shellito et al., 2020). This will be revised at L464 as: “This vertical mismatch is a
common challenge (Shellito et al., 2020), and hence, enhancing the comparability of
in-situ measurement as well as hydrological models with SAR-estimates would
contribute to more effectively harnessing the SAR-based data.”

2. Inthe results, there is a pattern of the results paragraphs starting with
pseudo figure captions rather than topic sentences. As a result, it is not easy
for the reader to easily parse out key themes from the analysis conducted.
These sometimes appear later in the paragraphs as well. Removing these
would improve conciseness and provide a more direct overview of the
findings emerging from this work.

Thank you for suggesting these improvements. We are going to revise the
manuscript accordingly.

3. Inthe results, there is need for a more systematic approach to presenting
evaluation metrics. While overall metrics are presented for some of the
model fits, the results describe permutations of these relationships that are
not quantified in the text. Importantly, some of the description of the model
performance is not well supported by the analyses shown (see detailed
examples below). That the model, even with 2D representation, does not
perform particularly well should be emphasized, as there is lots of direction
provided in the discussion about how this work could be improved in the
future. It is important that the model performance, and its limited ability to
capture soil moisture dynamics be described with appropriate supporting
guantitative metrics.

Thank you for these comments. You're right that even the improved soil
moisture simulations by the 2D approach are far from perfect. Nevertheless, the
aim of this paper was not to calibrate the model to obtain optimized soil
moisture simulations at this particular catchment, or at those point-observation
locations. Instead, our goal was to identify potential areas that are impacted by
lateral groundwater flow, and to develop a simple enough modelling approach
that can capture the impact of groundwater dynamics, and which could be
applied to other Finnish or boreal catchments with less site information.

The main limitation in the model performance is likely due to the uncertainties in
soil hydraulic parameters, as they cannot be directly measured spatially or be
well predicted from available spatial datasets (see e.g. Launiainen et al. 2022). As
shown by the study, the simulated volumetric soil moisture is strongly affected
by soil hydraulic properties that have (in reality) high spatial variability, and



hence, high uncertainties when estimated from geospatial data. For instance,
Launiainen et al. 2022 have shown that it is difficult to predict soil hydraulic
properties from available geospatial data, such as soil texture maps.

We do recognize that the 2D modelling approach could be further improved as it
tends to simulate more saturated areas compared to the data (as discussed in
the manuscript). However, more developments are needed to produce accurate
soil maps that spatially distributed modelling approaches can utilize.

We are going to revise the manuscript to elaborate on the limitations in the soil
parameterization, model performance compared to observations - and to
further stress that the goal was not to obtain 1:1 match with the data.

L319: "The model overestimates the rootzone soil moisture content and its
temporal change compared to the mean of point-scale observations in the
rootzone at Kenttarova (MBE: 0.05 m3m~3). This mismatch is likely due to the
uncertainties in soil hydraulic parameters that could potentially be corrected by
calibrating soil field capacity and wilting point. However, as the simulations
mostly fall within the observed range (MBE: -0.01 m®m~ when compared to
observed maximum) and this comparison only represents one grid-cell, such
calibration was not considered meaningful for the aims of this study.”

L336: “Minor discrepancies between SpaFHy-2D predicted rootzone and in-situ
measured soil moisture content are likely due to uncertainties in soil hydraulic
parameters (e.g. an overestimation of field capacity in Fig. 5i14).”

L355: “All evaluation metrics are considerably better for the 2D model, but it
tends to overestimate soil moisture on the peatland grid-cells, consistent with
the overestimation in Fig 5F,G, hence the performance is still limited.
Nevertheless, the aim of this study is to assess the influence of groundwater and
lateral flow on shallow soil moisture dynamics, rather than producing calibrated
soil moisture simulations, so the performance of the 2D model is considered
satisfactory.”

L491: “Although the 2D lateral groundwater flow module added process realism,
the soil moisture simulations were still only satisfactory due to uncertainties in
classifying soil types and because soil moisture data was not used to calibrate
the model's soil hydraulic parameters. However, as the aim of the study was not
to produce calibrated soil moisture simulations, these uncertainties and
deviations from observations are considered acceptable. Additionally, the 2D
model came with a computational cost; in terms of running time the SpaFHy-2D
is approximately sixty times slower than TOP and 1D versions.”



In addition, we are going to add performance metrics wherever suitable (see
replies to specific comments below concerning e.g. groundwater levels, Fig. 6
and Sect. 3.4.: SAR and SpaFHy comparison)

4. While I understand the intent behind including the SAR data, my assessment
is that they are being relied on too heavily in this work. Given that the SAR
data do not capture very well other observations of soil moisture, e.g. due to
spatial differences in representivity, there is limited potential in using them to
assess model performance. This is an area where the paper can be
streamlined, perhaps by earmarking some of this for the Sl rather than the
main text.

We do not mean to rely on the SAR data too heavily and use it more qualitatively
than quantitatively. The SAR-based soil moisture maps serve as an independent
estimate of soil moisture covering a larger area than any of the point
measurements. Comparison of the different model versions and SAR based soil
moisture maps helps in locating areas of agreement/disagreement for the
different approaches (Figs. 7 and 8). As demonstrated by Fig. 6D, the skill of SAR
data to estimate points that have groundwater influence is sufficient for the aims
of this study (e.g. peat soils with soil moisture > 0.55 m3m=3). Our comparison
show that the methods have areas of agreement but also where they disagree,
and these results can further aid in development of both soil moisture
estimation methods.

It is also worth noting that Referee #1 and #3 were satisfied using the SAR data
in the manuscript, and even so that Referee #3 asked for extending the analysis
by providing quantitative evaluation between the model and SAR. Hence, we

prefer to keep the analysis with SAR data in the main manuscript as we believe it
brings value for the study.

Line comments:

Introduction

L23: “region, climate change”

Thank you, will be corrected.

L27: “affecting tree health, mortality”

Thanks, will be corrected.



L33: Here it might be helpful to expand on the C aspects a bit. This are of research is
important for understanding GHG exchange from terrestrial environments, but also
lateral export of DOC (and nutrients, as noted) to waterbodies.

This will be revised as:

“Hence, accurate information on spatiotemporal soil moisture conditions has the
potential to improve estimates of tree health, terrestial carbon stocks and
greenhouse gas sinks and sources, and lateral export and leaching of carbon and
nutrients (Bond-Lamberty et al., 2016; Nakhavali et al., 2021).”

L41: | wonder if undulation is the best term to use here. | tend to think about
undulating surfaces as occurring over space, but for groundwater it seems implied
here that this is temporal variability in groundwater height at a given location,
rather than an undulating groundwater surface that rises up and down repeatedly
along a linear plane.

Good point, we will change this to “variation in the water table depth”
L58: “, and extend point-scale...”
Thanks, this will be corrected.

L93: perhaps use “shallow soil moisture” here. Also, | think you can simplify this
question to one of ‘where’, since, as worded, it seeks to look at temporal variability.
In my mind, this makes the ‘when’ part of this question redundant.

You're right, shallow soil moisture is better, and will be corrected. We agree that the
‘when’ and ‘temporal’ are redundant, it will be revised as: “Where does lateral
groundwater flow affect the temporal variability of shallow soil moisture?”

L96: perhaps it is worth adding here an investigation of the accuracy of the SAR
measurements using point scale observations. This seems a prerequisite to using
soil moisture estimates to evaluate model predictions.

Although we do some investigations of the accuracy of the SAR data, we do not
believe that it should be stressed among the scientific questions of our study. The
SAR soil moisture data has been already evaluated in the original publication by
Manninen et al., 2021.

Methods

L107: can you include the proportion of precipitation falling as snow? This would be
helpful.



We are going to add the proportion of snow as: “The proportion of precipitation
falling as snow is approximately 42 % (Marttila et al., 2021), and the seasonal snow
cover persists from about October until May (Aurela et al., 2015).”

L109: use elevation instead of altitude (which generally refers to height above the
ground surface).

Elevation will be used, thanks.

L111: the image and text below suggest roads and ditches as potential human
disturbances. Perhaps the extent of human disturbance (while still small) could be
described in more detail here.

You're right. We will revise this as: “Except for a few small roads and ditches, the
area has had little human influence and can be considered mostly a pristine
subarctic headwater catchment.”

L118: Above (L116) the scientific name is used, but here the common name appears.
Suggest defining first and using standardized naming convention for all plant
species. Perhaps the journal has a convention for this.

Thank you, this will be corrected.
L129: What soil depth is used/modelled here to represent the rooting zone?

Rootzone depth of 0.3 m was used. This can be found in Table 2. We are also going
to add sentences to mention both the organic moss-humus layer and rootzone layer
depths in Sect. 2.4. as follows,

L221: “A depth of 0.05 m was assigned to the organic moss-humus layer.”

L227: “The rootzone was assigned a depth of 0.30 m.”

L147: It seems strange that precipitation and snowmelt are not also represented
here to characterize hydrological dynamics of this upper layer? Does water
percolating through the soil bucket immediately reach the catchment outlet once it
drains below this layer, or does the model account for transit time to the outlet?
How are snowmelt dynamics modelled?

Precipitation and snowmelt are represented in the canopy submodel. The upper
organic moss-humus layer receives throughfall (depends on canopy submodel
interceptation, evaporation and throughfall). This will be revised at L146: “The upper
layer is the organic moss-humus layer, whose water budget is affected by
throughfall interception and evaporation, as well as infiltration to the lower
rootzone layer, where drainage and transpiration take place.”



Regarding water percolation and snowmelt, see our answer for one of the first
comments. In the 1D version, all water draining from the rootzone soil bucket
becomes immediately runoff at the catchment outlet. In the TOP-version
(TOPMODEL), the water is routed through conceptual groundwater storage from
which it becomes either baseflow to catchment outlet, or saturated overland flow at
specific grid-cells (without any delay). In the 2D version, the shallow groundwater
flow is explicitly simulated from grid-cell to grid-cell using the Darcy law and
becomes flow to ditch at the ditch nodes. No routing of overland flow or channel
flow was considered. Overland flow and flow to ditch becomes runoff at the
catchment outlet with no delay.

L181: Can you provide more detail on constant h in streams and ditches, as this
seems to be a strange assumption to make as these would be dynamic in time and
space. Perhaps these are not spatially explicit in the model, but the reader would
benefit from a fuller description here, as it is not clear how catchment discharge is
captured if streams have constant h.

The assumption to keep constant stream water level (h) simplifies the modelling
framework as we do not need to explicitly represent surface water dynamics
(channel flow) nor to couple them to groundwater dynamics.

We assume that stream water levels do not have significant impact on the
catchment soil moisture dynamics. The stream water level dynamics have likely
impact on the soil moisture adjacent to the streams and discharge dynamics, but
neither was the focus of this study. Yet, assuming constant stream water level at -
0.2 m below the surrounding environment resulted in satisfactory discharge
simulations in this study. There are other models that have integrated surface-
groundwater dynamics (e.g. HydroGeoSphere, Autio et al., 2023), explicitly
simulating the difference in hydraulic head between the groundwater and stream,
and its small-scale influence on soil moisture. For our study, adding channel flow
was considered out of scope.

We are going add at L184: “The assumption of a constant stream water level
simplifies the modeling framework and should not significantly impact catchment
soil moisture dynamics.”

L242: During what time period were bi-weekly observations made, did this span the
full calendar year?

Thanks, this needs clarification. Only snow-free season was measured:

Will be revised as: “In particular, during snow-free seasons, biweekly manual
measurements at 15 different points were conducted using WET-2 and PR2 Profile
Probe sensors with an HH2 readout unit (Delta-T Devices Ltd., Cambridge, U.K.)
sampling soil moisture profile at depths 0 cm, 10 cm, 20 cm and 30 cm (from the soil
surface).”



L249: Porosity provided here (0.88) does not match that in table S2 (0.89)?
Thank you, this typo will be corrected.

L278: Is ‘matching’ meant here instead of ‘non matching’, the context of this
description seems to be characterizing the data available to use, rather than the
inverse(?).

This was not clear. It was supposed to mean that there were measurements (in
Manninen et al. 2021) that did not match the SAR overpass time. Will be revised as:
“Yet, the validity of the method could be checked only at 92 different locations, for
which soil moisture data was available: altogether there were 678 discrete values
and eight points of continuous data. The discrete soil moisture measurements did
not match the overpass times of SAR, which complicated the development of the
soil moisture estimation method. Naturally, for validation the soil moisture
estimates were calculated for the times matching the individual measurements.
Hence, the time difference complicated the method retrieval, but not the validation.

n

Results
L307: Why are different evaluation metrics being used for Q and ET?

Selection of evaluation metrics is a subjective choice, and using different metric for
different variables is not unusual (Ala-aho et al. 2017, Duoinot et al 2019, Launiainen
et al 2019). In our case, the validation data are considerably different; for instance,
ET data have missing values and manual soil moisture measurements are sporadic,
while discharge data are continuous. Thus, using the same metric could
misleadingly suggest that it is reasonable to compare model performance across
these different variables, which is not justified. Moreover, metrics such as the Kling-
Gupta efficiency (KGE) are commonly used to evaluate discharge simulations against
observations (see e.g. Knoben et al., 2019)

L325: It would be helpful to explain here why the morning flyover predicts drier sail
conditions. It seems that this pattern could depend on the time of year, and
whether snowmelt is occurring during the day.

We agree that such insights are interesting, but we consider that additional analysis
on SAR-data are out of scope of this study. The morning-evening flyover difference
was considered by Manninen et al. 2021 in their SAR soil moisture paper. The
difference between morning and evening algorithm quality is very much related to
the terrain. In Finland, due to the ice era, the hilltop line of the terrain is typically in
northwest-southeast direction very much in line with the evening pass orbit of
Sentinel-1. For this reason, the evening images tend to have more serious
shadowing (in the distal slopes) than the morning images. Inevitably this leads to
poorer quality of the soil moisture estimates. We will guide the reader to Manninen



et al.,, 2021 at L326: “Further discussion on the differences between these SAR
flyovers can be found in Manninen et al. 2021.”

L335: Please explain what is meant by “especially in terms of ranking the positions”.
It seems clear from the results that some locations are captured well, and others
poorly.

We mean that the simulations capture the wet peatland locations at or near
saturation (theta > 0.7 m®m=3:i7, i8), the intermediate mixed locations (0.5 < theta <
0.7 m3m=:i16, i20), and the dry forest locations (< 0.5 m®m3:i14, i18) reasonably
well. Certainly, there are also locations where the simulations do not match the
observed range for most of the season (e.g. i21, i17).

We will clarify this in the text as: “The SpaFHy-2D predicts the rootzone soil moisture
differences between the locations reasonably well, especially in terms of ranking the
locations between wet, intermediate and dry moisture conditions (Fig. 5)”

L337: Yes, but there are also extended periods of strong underestimation that
should not be overlooked.

Yes. Will be revised as: “The SAR-based soil moisture lacks the observed temporal
variation whereas SpaFHy-2D simulations tend to overestimate temporal dynamics
compared to the in-situ observations. The SAR-based estimates also noticeably
underestimate mean soil moisture content.”

L345: Some metrics should be provided on all of these evaluations.
Note that we do not consider groundwater levels in and above the rootzone (i.e.

highest groundwater level is -0.3 m). We are going to add the following groundwater
level performance metrics table in the Supplement:

Table 4. Performance metrics of 2D simulated and in-situ measured groundwater levels at 10 different locations around the catchment.

Location | Mean biased error (m)  Mean absolute error (m)
PVPI 1.04 1.07
PVP2 -0.08 0.15
PVP4 0.62 0.67
PVP5 0.61 0.63
PVP7 1.27 1.29
PVPS 2.34 2.34
PVP9 -0.70 0.79
PVPI1 -0.81 0.86
PZ1 -0.51 0.51
PZ2 -0.37 0.37
MEAN 0.34 0.87

L350: | don't believe that this statement is supported by the data. R2 values are low.
There are commonly large absolute errors approaching 0.5 m2 m- at the upper end



of this range. Large relative errors at lower observed soil moisture levels and a
tendency to overpredict is clear. Perhaps use of NMAE would offer a better
assessment here, but importantly, the model abilities should be described with
greater rigour.

See our earlier replies regarding the high uncertainties in soil hydraulic parameters.
In fact, this is a good example, as most of these large absolute errors (approaching
0.5 m3m™3) are due to wrong soil parameterization: observed soil moisture content
suggest (apparently very high porosity) that the soil is likely organic peat while in the
model (based on geospatial soil data) the grid-cell is parameterized as mineral soil.

We will revise the manuscript by discussing more about the model limitations, and
revise this particular statement as: “The observed soil moisture below ca. 0.55 m®* m-
3are rather well captured by all model conceptualizations, especially considering the
uncertainties in soil hydraulic parameters based on geospatial data (Fig. 2: soil

type)”

L353: Again here, a more objective description of the model performance is
required. There are few predictions at higher moisture with the 2D model that lie
close to the 1 to 1 line. If 0.55 is used as a threshold for evaluating performance, it is
recommended that metrics for observed moisture levels above and below this level,
as well as overall be presented. Likewise, it would be helpful to provide metrics for
the different landcover or canopy closures discussed in the text. Many of the
examples in the following paragraph relate to landcover, so this seems a better
factor to use in Figure 6 than is canopy closure.

Thank you for this comment. We agree that considering site or soil types in addition
to canopy closure is interesting. They do however contain overlapping information
(low canopy fraction = peatland, high canopy fraction = mineral forest soil). We have
made an alternative version of Fig. 6 with the dominating soil types (peat and
mineral soil) and calculated separate metrics. This new figure will be added in the
supplement of the revised manuscript (see below). It confirms the findings from the
original Fig. 6, but also highlights the uncertainties in soil parameterization based on
the geospatial data (soiltype): many of the peat soil points of the 2D approach are
overestimated (some also underestimated). As noted before, we will further
highlight the uncertainties in soil parameters in the revised manuscript.
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Figure 1. Comparison of simulated rootzone soil moisture content and SAR-based surface
soil moisture estimates against spatiotemporal manual in-situ soil moisture observations.
The blue color of the points correspond to peat soil and the orange color to mineral soil.

L370: It would be helpful to cite Figure 6 here in addition to mentioning this occurs
in peatlands.

Good point, will be added.

L374: Again here, there remain large deviations with this model, and care should be
taken to not oversell what the model is capable of.

Indeed, we will specify that the model matches well the point observations shown in
Fig. 7.

L380: Perhaps | have misunderstood something, but | am having trouble
understanding the value in comparing the model to SAR measurements for a 5 cm
depth with modelled data, given that those SAR measurements haven't been
validated as being in strong agreement with observed data (Figure 6D). | appreciate
that the SAR data provide an opportunity to compare model results between
observations, but this would only seem useful if those SAR data are effectively
capturing the hydrological state, and this has not been shown clearly. For this
reason, | am unconvinced that section 3.4 belongs in the manuscript. The discussion
beginning at lines 469 seems to support this notion.

We do recognize the limitations in using the SAR-based data, as discussed in Sect.
4.2., but we argue that the added value of including them is greater.

First of all, Manninen et al. 2021 have shown that the SAR based soil moisture
estimates are relatively accurate when evaluated against measurements of
matching times and soil depths. Of course, in our case, the absolute skill of SAR is
poorer as we are comparing measurements that are also beyond the penetration
depth (rootzone) or exact overpass times. In addition, we have resampled the SAR



data to match the simulated grid. In addition, the SAR based soil moisture estimates
are instantaneous midday values, but the model-based estimates are diurnal
averages. For that reason, exact fit between these two soil moisture estimates can't
be expected, even if both estimation methods were perfect.

Still, SAR-based estimates are sufficient to classify the landscape between wet
locations impacted by the lateral groundwater flow, and drier locations (see these
two groups in Fig. 6D). Our aim was not to obtain a perfect match with observed soil
moisture, but to reveal where lateral flow and groundwater dynamics are potentially
impacting the surface soil moisture dynamics. If we compared the model only to
those few in-situ point measurements, as is usually done, we would completely miss
one of the main findings: most of the SpaFHy-2D modeled saturated/wet areas
match the SAR estimates. Hence, they are likely saturated (or close to) in reality as
well.

L402: Does this statement about differences being highest in wet conditions hold if
the panels for homog.canopy at q = 0.5, 0.9 are blank, and negligible as stated at
L409?

We meant for the difference between 2D and 1D (influence of lateral groundwater
flow), revised as: “As expected, the difference between SpaFHy-2D and 1D
simulations is highest in wet conditions.”

Discussion

L414-416: It has been shown that the model parameterization shapes this (with
improved but not strong performance in 2D), but observational data as
shown/analyzed do not demonstrate this directly.

We argue that the observational data does demonstrate the impact of groundwater
on soil moisture spatial and temporal dynamics, e.g. in Fig. 5 (i7, i8, i17), Fig. 7 and
Fig. 8. As an example, let’s consider only peat soils of which field capacity is
approximately 0.53 m®m-and porosity is 0.89 m*m=3. When the measured or SAR-
based estimated soil moisture content falls clearly above field capacity and close to
the porosity, it is due to the impact of groundwater (or in more rare cases after
heavy precipitation event that didn't yet infiltrate deeper into the soil). It is also
worth noting that SAR rarely predicts full saturation as the prediction integrates
multiple signals within the 16 x 16 m? grid-cell (including dry patches influenced e.g.
by peatland microtopography) (mentioned at L334). Hence, majority of the
measurements and SAR-based estimates that are close to porosity are influenced by
groundwater dynamics.



L417: It remains hard to see from the model performance illustrated that the
models are ‘reliably’ predicting soil moisture. That they predict moisture variability is
besides the point if the predictions are not also accurate.

We understand that using ‘reliably’ is not ideal here, we will remove it from the
sentence. While these predictions are not the the ground-truth, they are clearly less
biased compared to 1D and TOP approaches (MBE: -0.09 vs. MBE: 0.03).

L425/26: The figure cited to support this statement (Figure S7) doesn't show a
comparison of the 2D model with HydroGeoSphere.

In fact, we have cited both our Fig. S7 as well as Autio et al. 2023: Fig. 6
(HydroGeoSphere) here so that the reader can have a qualitative look of the
simulated patterns by both approaches. We have now added the performance
metrics table (see our previous reply) that can also be compared with Autio et al.
2023 Table Sé.

L434: See earlier recommendation to consider these classes instead of vegetation.
See our earlier reply regarding site classes and our alternative version of Fig. 6.
L437: shallow soil moisture

Will be corrected.

L487: Yes, this is important as snowmelt is radiation rather than temperature
driven, so this suggests that the process might be arriving at the right answer for the
wrong reason.

You're right, and that is why we have recognized this as a limitation here: “The
snowpack representation of SpaFHy successfully captured the snowmelt timing (Fig.
S1, S4), but relies on a simple degree-day approach, potentially limiting its ability to
fully capture snowmelt dynamics.”. In fact, we are planning to include option for
energy balance-based snowmelt in the next SpaFHy version.

Conclusions
L515: “shaping model simulations of soil moisture dynamics”

We are not sure if we understand this comment correctly. If the reviewer would like
to specify that only the model simulation seems to be shaped by the lateral
groundwater flow. We do not agree with this, as already explained in our earlier
replies. The impact of groundwater dynamics is additionally demonstrated by the in-
situ measurements and SAR-based data.



Given the unreliability of the SAR observations, it would be beneficial to touch on
the large errors in soil moisture simulation in this section, and focus less on the SAR
data. Certainly, the model progression has led to the ability to simulate a wider
range of moisture conditions, but given the performance demonstrated, the model
predictions are probably not robust enough to see applied use yet. Given this, a
strong argument should be made in the conclusion for continued model
performance to improve on that shown here.

As explained earlier, we argue that the SAR-based data is sufficient for the use it was
intended in this study. We do however want to mention its limitations in the
conclusion for further improving spatial soil moisture monitoring.

We are going to add at L518: “However, even the improved soil moisture
simulations were affected by uncertainties in hydraulic parameters, which were
estimated based on geospatial data on soil types.”

Figures and Tables
Figure 1. “and its hydrological measurement stations”

We prefer to revise as ‘hydrological measurement locations’ as the soil moisture
measurement locations are not fixed stations.

Tables in supplementary information should be labelled with S, to distinguish from
the manuscript.

Will be corrected.
Table S1 and S2 should read “Soil type-specific”
Thank you for pointing this out.

Table 2: This is not a complete list. At a minimum a more descriptive caption is
needed here that directs the reader to additional model parameters provided in the
Sl.

Citation to the supplementary tables will be added.

Figure 3. These panels are too small to be legible at print scale. It seems that panel B
and C should be presented first, as this summarizes raw data, while the other two
panels are results oriented. What period is captured by panels B and C? On panel A,
why is snow presented as a line, rather than having Psnow and Pliquid as stacked
bar plot to give total P. This doesn't allow for easy interpretation. Are snowpack
observations available to evaluate model predictions?



Text size in all the panels will be increased for easier readability and the order of the
panels will be changed as suggested by the reviewer:
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Figure 2. Hydrometeorological characteristics of Pallas. (A) Monthly observed climatology
for the simulation period, (B) monthly observed volumetric soil moisture (6) and snow depth
(HS) for the simulation period at Kenttarova forest site. The air temperature (T) and soil
moisture envelopes represent minimum and maximum monthly averages of different years,
while the snow depth envelope shows minimum and maximum of monthly maximums of
different years. (C) Annual water budget as observed (obs) and simulated (mod) with
SpaFHy-2D, where Qops is observed runoff, ETmoq is Simulated evapotranspiration, Piguid,obs IS
observed precipitation, and Psnow,mod IS modelled solid precipitation. The change in
catchment water storage (including canopy water, soil water and groundwater storage)
dS/dt=P + ET + Q is not shown. Due to gaps in runoff measurements in 2018, runoff
observation is not presented.

Period presented in B and C is the simulation period (same as in A). We will add this
in the caption.

Precipitation bar plot shows all the measured precipitation (regardless of the
phase). The amount of simulated solid precipitation is then presented as a line. If we
were to illustrate these as stacked plots, then the Pops wouldn't show the actual total
observed precipitation but instead Pobs - Psnowmod. Hence, we prefer to keep it this
way. However, thank you for pointing this out, as we noticed that the legend
Pliquid,obs, should be Pops.

Snow water equivalent observations at Kenttarova and Lompolojankka are
evaluated in Fig. S4.

Figure 7. While described as qualitative, this figure isn't particularly easy to interpret,
as itisn't always easy to distinguish between points and the underlying land use. As
this largely conveys the same information as Figure 6, but less effectively, this seems
a good candidate to move to the Supporting information.

We understand the difficulty to distinguish between the land-use, and for that an
additional comparison to Fig. 2 can be helpful, as cited in the manuscript. The



purpose of this figure is to address spatial soil moisture variability between the
model versions and against the spatially distributed measurements. We believe this
supports the findings in Fig. 6, but also adds value in representing the full soil
moisture variability as simulated (not only those measurement locations).

Figure 8: “Spatial patterns”. This plot is hard to evaluate. Please include performance
metrics to allow diagnosis of model performance.

Thank you, the typo will be corrected. Note that the performance metrics of all
manual in-situ measurements against model versions and SAR are provided in Fig.
6. We will also add the version of Fig. 6 with soil type classification to the
supplement (see earlier reply with the new figure). In addition, we have made
density scatterplots to further compare SpaFHy-2D and SAR (separated for peat and
mineral soils), including mean absolute difference (MAD) and mean difference (MD)
metrics (see below). This figure will be included in the supplement of the revised
manuscript. As can be noted, SpaFHy-2D and SAR agree relatively well on most
points on the peat soils. In addition, this further confirms that both SAR and SpaFHy
are divided between two groups on peatlands; cluster of wet points impacted by the
groundwater dynamics and cluster of drier points not impacted by the lateral water
flow. This will be mentioned at L394: “This is also supported by a quantitative
comparison of SpaFHy-2D and SAR estimates in Fig. SX; both SAR and SpaFHy-2D
are divided between two groups on peatlands; cluster of wet points impacted by the
lateral groundwater dynamics and cluster of drier points not impacted by the lateral
flow.”

However, when comparing the soil moisture estimates based on SAR to those based
on the model, one must consider that the SAR based soil moisture value of a model
pixel is an average of all values of original SAR pixels within the model pixel,
whereas the model considers the pixel homogeneously with one soil moisture
value. Inevitably averaging the original SAR based soil moisture estimates reduces
the variation range of the soil moisture values. For that reason, the large soil
moisture estimates based on SAR tend to be smaller than those of the model.
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Figure 3. Density scatterplots of SpaFHy-2D vs. SAR on mineral (left column) and peat (right
column) soil on 2019-06-26 (first row) and 20719-08-01 (second row). Mean absolute
difference (MAD) and mean difference(MD) are presented in each panel.

Figure 10. An improved caption is needed here. This isn't demonstrating lateral
groundwater flow, but rather model parameterization that includes this process. It
isn't immediately clear why panels E and F are blank.

We will revise that these are demonstrated by simulations, and mention that the
blank means 0.0: “Figure 10. The impact of lateral groundwater flow (upper row) on
rootzone soil moisture expressed as simulated A8 = 2D - 1D, and the impact of
vegetation heterogeneity (bottom row) expressed as simulated AB = 1D -
1Dhomog.canopy iN different catchment soil moisture states. The panels correspond to
0.1, 0.5, and 0.9 quantiles of grid-cell soil moisture, and the bars show distribution
of binned differences. Mean difference (MD) is shown in each panel. Note that the

blank refers to AB =0 m3m™3."

General comments

There are places where hyphens are used where negative symbols are needed.



Thank you for pointing this out, these will be double-checked.

Notation style should be harmonized, e.g. there are instances of unit/unitz and unit
unit2

These will be harmonized in the revised manuscript.

It would be helpful to have the Figures in the Sl appear in the same order in which
they are cited in the text.

Indeed, the order of supplement materials will be revised.
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