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Dr. Ryan Teuling 

Editor 

Hydrology and Earth System Sciences 

 

RE: hess-2019-541 

 

Dear Dr. Ryan Teuling  

 

Thank you for giving us the opportunity to address the reviewers’ comments. We believe we 

have been able to satisfactorily address all substantive comments which have further improved 

the manuscript. Detailed responses to reviewer’s comments are described below. We reference 

the manuscript with track changes when describing specific lines where changes were made.   

 

 

 

Reviewer #1: Dr. Natalie Ceperley 

 

- Although the word boreal is mentioned, we aren't introduced to the specifics of why it 

matters or a clear definition, situation on the globe.  

We have added a few sentences to the introduction that highlights: (i) the extent of the boreal 

forest (i.e., one of the largest biomes in the world), (ii) the important role boreal forests play 

in the global water and carbon cycles as well as global climatology and (iii) the few studies 

that have shown large variation in the partitioning of the water balance in these ecosystems 

(i.e., ET represent 45–85 % of incoming P in boreal forests). The added text reads as follows: 

“Boreal forests cover ca. 12 million km2 of land area and represents the second largest biome 

behind tropical forests (Bonan, 2008). Given their large size, boreal forests regulate water 

and energy fluxes over a vast area and thus play an important role in global hydrology and 

climatology (Bonan, 2008;Baldocchi et al., 2000;Chen et al., 2018). Boreal forests also play 

an important role in the global carbon cycle (Goodale et al., 2002); sequestering ca. 0.5 

petagrams of carbon annually and storing approximately one third of the global terrestrial 

carbon (Bradshaw and Warkentin, 2015;Pan et al., 2011). However, few studies have 

partitioned the water balance in boreal forests (Talsma et al., 2018;Peel et al., 2010;Tor-

ngern et al., 2018). In the ones that have, ET has been shown to represent 45-85% of 

incoming P (Peel et al., 2010).” (L 51-60)   

 

- As someone who has never worked in this part of the world, I have never heard of Krycklan 

and the term "boreal" does not automatically invoke an idea of what the issues / steaks / 

interest is regarding the water balance and evapotranspiration.  The location is an extremely 

valuable part of this research and story, please introduce it well.  

Similar to the answer above we have now added text about the boreal biome, but also better 

highlight the high latitude location of the study site. This is a geographic area where 

relatively much less research has been conducted on the role of ET, which is an especial 

important omission as climate change will affect these northern ecosystems more strongly 

than the temperate and tropical biomes. We have also added additionally information about 

the study location to now guide the reader to find more literature that has previously used this 

well studied catchment.  

 

- it is a stylistic choice to consider ET as a "loss", I might vary the term more and use flux ?   

Who loses ? Couldn't it also be seen as a positive flux for the ecosystem and the atmosphere?   
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If indeed you want to maintain this language so strongly, you need to define your balance 

equation early on in terms of what is "positive" and what is "negative".    

We agree that ET is a water flux and that it may be misleading, and potentially confusing, to 

consider ET as a “loss”.  We have therefore carefully gone through the manuscript and 

replaced “loss” with ET and its component fluxes. We have also rephrased the first sentence 

in the introduction to now describe the movement of water in terrestrial ecosystems as inputs 

and outputs. The sentence now reads as follows: “In the hydrological cycle, water enters 

terrestrial ecosystems mainly through precipitation (P). This water leaves terrestrial 

ecosystems either through evapotranspiration (ET) back to the atmosphere or as stream 

runoff (Q).” (L41-43)  

 

- you mention groundwater recharge, carbon cycle, stream flow, but you never come back to 

answer any applied question regarding water use 

We mentioned streamflow, groundwater recharge and ecosystem carbon cycle at the end of 

the first paragraph in the introduction to highlight the important role that ET has on other 

water balance components as well as the ecosystem carbon cycle. In doing so, we are 

stressing the importance of understanding the magnitude and drivers of ET, which is the 

focus of the manuscript.  

 

In the discussion, we compare the magnitude of ET to stream flow as well as discuss how a 

future climate could affect the overall water budget as well as the carbon balance in boreal 

forests. This section in the discussion reads as follows: “Within the Krycklan Catchment, 

roughly 40 % of annual stream runoff occurs as a response to snowmelt (Ågren et al., 2012), 

when trees are relatively inactive (Tor-Ngern et al., 2017). In this study, we found that ET 

becomes the dominant water flux after spring flood has ceased, and during the growing 

season it was seven times greater than stream runoff (Fig. 2c, 3a).  In our study, combining P 

with modelled estimates of ET and measured stream runoff results in a negative water 

balance (P < ET + Q) during the growing season. This is in agreement with other studies in 

boreal forests, which have found a negative water balance during the growing season (Wang 

et al., 2017;Tor-ngern et al., 2018;Sarkkola et al., 2013). Such asynchrony in the relative 

importance of different water balance components might be even more pronounced in a 

future climate when higher air temperatures and less frequent, albeit more intense, 

precipitation events can be expected (IPCC, 2018). One future scenario is earlier snow melt 

and less snow accumulation during winter as a result of higher air temperatures (Byun et al., 

2019), which would result in earlier peak stream runoff thereby reducing the annual amount 

of water available for tree growth during the growing season (Barnett et al., 2005). This, in 

turn, could have cascading effects on forest productivity (Barber et al., 2000;Silva et al., 

2010), tree mortality (Peng et al., 2011) and the overall carbon balance in boreal forests (Ma 

et al., 2012).” (L492-516)  

 

- "quantifying the magnitude and drivers of transpiration and evaporation are crucial to better 

understanding the spatiotemporal variation of water fluxes in terrestrial ecosystems."  => do 

you do this in your discussion? 

We acknowledge that this study does not directly investigate how abiotic drivers (i.e., 

environmental factors) influence ET and its different flux components (i.e., transpiration and 

evaporation). However, this was beyond the scope of the current study and something we will 

address in a separate manuscript. The focus of this study was to evaluate the closure of the 

water budget, which is rarely done in a single study, and compare the magnitude of different 

water balance components during the growing season. We have rephrased this sentence to 

make this clear. The sentence now reads as follows: “Thus, quantifying the magnitude and 



3 
 

spatiotemporal variation of T and evaporation separately is crucial to better understanding 

how water moves through boreal forest landscapes.” (L69-71) 

 

In the discussion, we highlight the relative importance of transpiration and evaporation as 

well as compare these vertical water fluxes to measured horizontal water fluxes (i.e., stream 

runoff). If doing so, we believe that this study provides a better understanding of how water 

moves in the boreal forested landscape during the growing season.      

 

- the review of ET partitioning research and ET in general seems quite limited.  Stable 

isotopes are mentioned as the only tool that is not used in this paper, while there are others.  I 

believe there are quite a few reviews that discuss the history of evaporation and 

evapotranspiration research out there, for example Gabriel Katul et al. 2012: 

EVAPOTRANSPIRATION: A PROCESS DRIVING MASS TRANSPORT AND ENERGY 

EXCHANGE IN THE SOIL-PLANT-ATMOSPHERE-CLIMATE SYSTEM in the Reviews 

of Geophysics.  This gives a history of evaporation and transpiration research which starts 

much earlier than when you claim the interest started.  

We agree that there is a rich history of evaporation and evapotranspiration research and have 

added a few sentences in the introduction to highlight this history. We also deleted the 

sentence that mentions how stable isotopes can be used to partition ET as this approach is not 

used in our study and is just one example of the many different approaches that can be used 

to partition ET. The section now reads as follows: “Research investigating the biotic and 

abiotic controls on ET has a long history, dating back centuries (Katul et al., 2012;Brutsaert, 

1982). However, efforts to separately estimate T and evaporation began in the 1970s (see 

Kool et al., 2014) and ever since there has been an increasing number of studies partitioning 

ET (Stoy et al., 2019;Schlesinger and Jasechko, 2014). There are a number of different 

approaches and methodology to partition ET into its individual flux components (Kool et al., 

2014), including empirical measurements (Mitchell et al., 2009;Cavanaugh et al., 2011;Good 

et al., 2014;Sutanto et al., 2014) as well as a number of different process based models 

(Sutanto et al., 2012;Stoy et al., 2019;Launiainen et al., 2015). Each of these different 

approaches have their advantages and disadvantages and it has been shown that the relative 

contribution of different ET flux components differs depending on the approach used 

(Schlesinger and Jasechko, 2014). It has therefore been highlighted that the use of multiple 

methods is desirable to more accurately partition ET into it individual flux components (Stoy 

et al., 2019).” (L72-84) 

 

- Your entire approach neglects ground water recharge and deep soil leakage.  Perhaps this is 

negligible at your site, but you need to address this.  I believe that presenting your water 

balance equation in the introduction would help you articulate the assumptions.  Additionally 

are bare ground and open water 100% non existent in your site?  You need to address that 

there might be spatial variations in evaporation and transpiration and that your measurements 

are still at the point scale.  You mention that the vegetation cover is homogeneous, but is it 

that homogeneous that you can ignore spatial variation?  

We have now added a paragraph in the methods section that describes how we partitioned the 

water balance based on empirical measurements. In doing so, we now include information on 

how we calculated “ground water recharge” and/or “deep soil leakage”, which is what we call 

“ds/dt” in Figure 5. The added paragraph reads as follows: “We used the hydrological mass 

balance approach in combination with empirical measurements of vertical and horizontal 

water fluxes to quantify the water balance components within the C2 subcatchment. The mass 

balance equation is 

𝑑𝑠/𝑑𝑡 = 𝑃 − 𝐸𝑇 − 𝑄    (1) 
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where ds/dt is change in soil water storage per unit area and Q is stream runoff. ET was 

measured using the eddy covariance technique, and partitioned into components as 

𝐸𝑇 = 𝑇 + 𝐼𝐶 + 𝐸𝑇𝑈   (2)  

where canopy tree T was determined using sap flow sensors and evaporation of intercepted P 

from the tree canopy (IC) was determined as the difference between open sky precipitation 

and water collected on event basis in rain gauges placed below the canopy (see below). 

Understory evapotranspiration (ETu) was not directly measured in this study, but was 

instead calculated as 

𝐸𝑇𝑈 = 𝐸𝑇 − 𝐼𝐶 − 𝑇    (3) 

Because IC was estimated on an event basis, our estimate of ETu was for the entire growing 

season. Daily stream runoff (Q) was calculated as daily discharge, obtained from the 

Svartberget data portal (https://franklin.vfp.slu.se/), per catchment area. Change in soil 

water storage (ds/dt), which includes ground water recharge, was calculated as the residual 

of the hydrological mass balance (eq. 1).” (L167-184) 

 

We also now provide a high resolution aerial photo of the C2 subcatchment and surrounding 

area to more clearly show the homogenous vegetation cover at our site. Additionally, when 

describing the study site we now mention that the C2 subcatchment is (i) completely covered 

(99.9% canopy cover; Laudon et al. 2013) with a mixed forest stand (ii) there is no bare 

ground and (iii) aside from the small (< 0.5 m wide) headwater stream, there is no open 

water. The description of our study site now reads as follows: “The C2 subcatchment is 

completely covered by an old growth (>100 yr.) mixed forest stand of Picea abies (61 %), 

Pinus sylvestris (34 %), and Betula (5 %) (Laudon et al. 2013). The understory consists of a 

continuous layer of bilberry (Vaccinium myrtillus), lingonberry (Vaccinium vitis idaea), and 

mosses (Pleurozium schreberi and Hylocomium splendens) with no bare ground. Aside from 

the small (< 0.5 m wide) headwater stream, there is no open water within the C2 

subcatchment. Similar forest stands extend to the east and west of the C2 subcatchment 

boundaries by several hundred meters (Fig. 1c).” (L149-155) 

 

Why only 1 growing season ?  And why only growing season?  I understand there are 

limitations based on available data  / instruments etc.  But I still think you should argue why 

this time frame is relevant for your questions and tell us what happens the rest of the year.  I 

suppose you have some measurements the rest of the year.   

We acknowledge that it is unfortunate that our study period is only one growing season, but 

this this is the time period in which all measurements were available, namely empirical 

measurements of canopy transpiration and evaporation of precipitation from canopy trees. 

However, previous work from a nearby site has shown that there is little vegetation activity 

during the winter months (Tor-Ngern et al., 2017) and we have previously shown that 

evaporation of intercepted snow in the tree canopy represents 30% of winter precipitation at 

our site (Kozii et al., 2017). Partitioning the water balance during the growing season is more 

complicated, as trees are actively transpiring water during this time period resulting in a 

major water flux pathway that needs to be understood in more detail. Consequently, we know 

less about the movement of water in boreal forest during the active growing season, which is 

the focus of this study.  

 

We have now included daily hydro-meteorological variables for the entire 2016 year in 

Figure 2, to more clearly show the strong seasonality in stream runoff and environmental 

conditions affecting transpiration (i.e., freezing temperatures). We have also added a few 

sentences in the discussion section that highlights our previous work on evaporation of 

intercepted snow in canopy trees and, in turn, shows that evaporation of intercepted 

https://franklin.vfp.slu.se/
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precipitation in canopy trees is the largest ET flux component when expressed on an annual 

time scale. The added section reads as follows: “In a previous study at the Krycklan 

catchment, we found that evaporation of intercepted snow in the tree canopy represents ca. 

30 % of winter (November – March) precipitation (Kozii et al., 2017). Thus, IC represents the 

largest ET component when expressed on an annual time scale as there is negligible T during 

the winter months (Tor-Ngern et al., 2017).” (L542-546)     

 

Tor-Ngern, P., Oren, R., Oishi, A. C., Uebelherr, J. M., Palmroth, S., Tarvainen, L., Ottosson- 

   Lofvenius, M., Linder, S., Domec, J. C., and Nasholm, T. (2017) Ecophysiological variation  

   of transpiration of pine forests: synthesis of new and published results, Ecological  

   Applications, 27, 118-133. 

Kozii, N., Laudon, H., Ottosson-Lofvenius, M., and Hasselquist, N. J. (2017) Increasing water  

   losses from snow captured in the canopy of boreal forests: A case study using a 30 year data  

   set, Hydrological Processes, 31, 3558-3567. 

 

Figure 1 - I think the map of Sweden would benefit from some latitude lines or the arctic 

circle. What is the shading of the C2 Map?  What is the elevation / variation?  How does land 

cover change? You say the altitude of the outlet but not of the highest point. Please provide 

some proof that the land cover is sufficiently homogeneous. Or discuss how it is not - for this 

is where your uncertainty come from. How many points are you measuring meteorological 

data at?  Put it on the map. Where was the EC station?  This should be on the map.   

We made changes to Figure 1 to better show: (1) where exactly this study was done (i.e., 

showing the arctic circle), (2) the elevation and variation in elevation within the C2 

subcatchment, (3) the homogenous forest cover within the C2 subcatchment, (4) the location 

of the ICOS tower, where eddy covariance and other meteorological measurements are being 

made, (5) the location of the nodes where sap flow measurements are being made and (6) the 

location of where canopy throughfall was measured. The caption of Figure 1 now reads as 

follows: “Figure 1. Location of the study area in northern Sweden. (a) The outline of Sweden 

with the location of the Arctic Circle for reference. (b) The boundary of the 68 km2 Krycklan 

Catchment with various subcatchment in different color; C2 subcatchment in yellow. 

Throughfall (TF) measurements were made ca. 1 km from the C2 subcatchment and are 

shown on this map (blue circle). (c) High resolution aerial photograph with five-meter 

contour intervals (white line) and the C2 subcatchment boundary (yellow line). Sap flow 

measurements were made at three nodes (green circles) and all environmental and eddy-

covariance data were taken from the ICOS tower (yellow circle). (d) Picture of the forest 

stand with understory vegetation that is characteristic of the C2 subcatchment.” (L139-147)  

  

 l 190:  write equations as their own line, it is hard to follow in text.  

We have now written all equations in their own separate line.  

 

- if possible add TF to map 

We now included the location of the throughfall measurements to the map in Figure 1.  

 

- there is some work on the statistics of measuring through fall with rain gauges, this might 

help you estimate the uncertainty.  

We are a little confused with this comment. What we did was measure throughfall at 25 

locations. We also characterized the canopy structure above each throughfall collector (i.e., a 

two-meter horizontal distance for each collector) based on spatial canopy density data 

acquired from airborne laser scanning (ALS). We then looked at correlations between 

different canopy attributes and IL. We found that overall median height (ElevMADmedian) 
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had the highest correlation with measured seasonal interception losses and could explain 77% 

of the variation in IC. To quantify the uncertainty of the event-based IC estimated from 

measurement, we grouped the 25 throughfall rain gauges into 5 groups based on the 

ElevMADmedian and calculate standard deviation for each group and event. We have 

rewritten this section in the methods to make this clear. The section now reads as follows: 

“Measurements of TF were made between the beginning of July and the end of October 2016. 

Water was collected from individual rain gauges immediately after each rain event resulting 

in event-based IC estimates (Gash, 1979). Spatial canopy density data acquired from airborne 

laser scanning (ALS) was used in the FUSION software (McGaughey, 2012) to characterized 

the canopy structure above each throughfall collector (2 m radius around each collector). We 

found that the absolute deviation of ALS height measurements from overall median height 

(ElevMADmedium) showed the highest correlations to IC and could explain 77% of variation 

in seasonal IC (Table S1). IC within the C2 subcatchment was estimated as a weighted 

averages of the 25 throughfall collector. The weighting was based on the ElevMADmedium 

around each throughfall collector and the frequency distribution of this metric within the 

entire C2 subcatchment. To quantify the uncertainty of event-based IC, we grouped 

throughfall collectors into five groups based on ElevMADmedium and calculated the 

standard deviation for each group and event.” (L226-238)  

 

- write out how the weighting calculation was done, this isn't very clear.  Do you have a 

reference that TF is directly correlated with canopy density in this forest type?  

Please see our response to the previous comment.  

 

- L205 put a table of those metrics and the correlations in the supplementary material.  

The FUSION software provided us a total of 121 canopy matrices. We assessed the 

correlation between IC and all 121 canopy matrices. We now include a table in the 

supplementary material (Table S1) that shows the 10 canopy matrices that had the highest 

correlation with seasonal IC.  

 

- through fall / interception is probably not as linear as you say.  Often it depends on rainfall 

intensity and wind etc.  I think showing this data would be a valuable contribution to the field 

and complement your paper.   

We agree that throughfall/ interception for a single rain event cannot be predicted based 

solely on canopy metric, because as you mentioned throughfall/ interception also strongly 

depends on rainfall intensity, wind, etc.  However, we want to stress that our estimates of IC 

are for the entire growing season and assessing how environmental factors (i.e., rainfall 

intensity, wind speed, etc…) was beyond the scope of this study. However, in Figure 4b, c we 

present information on how rainfall intensity affect IC, and show a non-linear relationship 

between precipitation (i.e., rainfall intensity) and IC. Note that in the APES –model used in 

this work, rainfall interception depends on canopy storage capacity (linearly related to leaf 

area in the canopy layer), initial storage at the onset of rainfall event and rainfall intensity. 

The evaporation from wet leaves depends on microclimatic conditions (i.e., wind, radiation, 

temperature etc.). Thus, in model simulations the rainfall frequency and intensity and 

temporal variations of weather conditions are accounted for.   

 

We now discuss how IC depends on rainfall intensity in the discussion section. The section 

reads as follows: “In our study, IC was calculated for each rain event and it is important to 

point out that the fraction of P lost via IC (i.e., IC/P) during a single rain event varies in 

response to the magnitude and intensity of P (Gash, 1979;Linhoss and Siegert, 2016;Rutter et 

al., 1971;Zeng et al., 2000). The highest IC/P are expected to occur during light rainfall 
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events in a dry canopy, whereas IC/P decreases with increasing rain amount and intensity as 

well as when water storage capacity in the canopy is reduced by intercepted water from 

previous precipitation events.  Thus, projected changes in the amount and frequency of 

rainfall in northern latitude ecosystems (IPCC, 2014), could drastically alter IC and, in turn, 

strongly affect the amount of water available to plants, stream runoff and other downstream 

processes.” (L546-554) 

 

Figure S2 could be on your primary map.  

We have removed Figure S2 and now include the location of the nodes where sap flow was 

measured in the map of the C2 subcatchment in Figure 1. 

 

L 294 : solved ?  

We have reworded this sentence. The sentence now reads as follows: “We used measured soil 

moisture and soil temperature at the depth of 0.05 m as lower boundary conditions for the 

model.” (L359-360) 

 

L366 => T used a majority of available water.  

We have rewrite this sentence to make it clear that transpiration was the largest water flux 

component during the study period. The sentence reads as follows: “Canopy transpiration (T) 

was the largest ET flux component, and during 88% of the study period it alone was higher 

than Q (Fig. 3b).” (L403-404) 

 

L 374 => they include 

We have rewritten this sentence. The sentence now reads as follows: “Modeled estimates of 

intercepted P in the tree canopy together with understory evapotranspiration (IC + ETu) 

followed a similar pattern to the measured data, which here was computed as the difference 

between ET and T (Fig. 3c.)” (L411-413) 

 

L 376 => observed data ?  

We have rewrite this sentence to make it clear that we are comparing modeled estimates to 

measured data. The sentence reads as follows: “Modeled estimates of intercepted P in the tree 

canopy together with understory evapotranspiration (IC + ETu) followed a similar pattern to 

the measured data, which here was computed as the difference between ET and T (Fig. 3c).” 

(L411-413) 

 

L 385 => area represents or areas represent 

We have change “areas represents” to “areas represent” The sentence now reads as follows; 

“Colored shaded areas show simulation results for whole parameter space and gray shaded 

areas represent uncertainty in measurements.” (L422-424) 

 

figure 5 => incoming precipitation wasn't modeled, was it ? Understorey => Understory 

Precipitation was not modelled. However, we understand how this could be misunderstood in 

the Figure 5. We now place precipitation in the middle of the figure with arrows going to 

both the “measured” (left side) and “modelled” (right side) partitioning approaches. 

Additionally, we now use the abbreviation of ET flux components in the figure as suggested 

by the reviewer #2.  

 

L 438 - this is a long sentence 

We have reworded this sentence. The sentence now reads as follows: “Our findings clearly 

highlight the important role canopy trees play in the boreal hydrological cycle during the 
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growing season, and stresses the need to better understand the effect of trees and their 

response to forest management practices and a changing climate.” (L486-489) 

 

comparing => compare 

We have reworded this sentence as suggested in the previous comment. The sentence now 

reads as follows: “Our findings clearly highlight the important role canopy trees play in the 

boreal hydrological cycle during the growing season, and stresses the need to better 

understand the effect of trees and their response to forest management practices and a 

changing climate.” (L486-489) 

 

 Maybe go one step further with a thought experiment.  For example, based on our 

measurements, if all trees were removed from entire subcatchment, we would expect 

discharge over this period to go up by X%.   

We agree that it is interesting to assess how changes in forest stand structure could influence 

the movement of water at our study site. Although we do not speculate how the removal of all 

trees would influence stream discharge, we do assess how changes in forest stand structure 

(i.e., leaf area index; LAI) could influence ET and its flux components. In the discussion 

section, we have a paragraph where we discuss the potential consequences of how changes in 

forest stand structure, as a result of forest management practices, could affect the way water 

moves through boreal forests. The section reads as follows: “Consequently, forest 

management practices that alter forest stand structure could have large cascading effects on 

the way water moves through these landscapes (Greiser et al., 2018). For instance, thinning 

reduces basal area and LAI of the remaining stand, whereas nitrogen fertilization in boreal 

forests promotes greater aboveground carbon allocation leading to an increase in LAI (Lim 

et al., 2015) and can also positively affect leaf photosynthetic efficiency and transpiration 

(Walker et al., 2014). To assess how forest management practices may affect ET as well as 

the relative importance of its component fluxes, we ran the APES model with canopy LAI 

values ranging from 1 to 7 m2 m-2. Over this LAI range, ET for the study period increased by 

ca. 50 mm (Fig. 6a). Fig. 6 also enabled us to identify thresholds in canopy LAI where the 

dominant ET component changes. For example, in sparse coniferous stands with LAI less 

than 3 m2m-2, understory evapotranspiration appears as the dominant ET component flux, 

whereas in forest stands with LAI greater than 3 m2 m-2 transpiration becomes the dominant 

component (Fig. 6b). Understanding how LAI influences ET and its components fluxes 

provides an opportunity to assess how different forest management practices may affect the 

movement of water in forested landscapes. This, in turn, could assist in the development of 

more sustainable management practices (Stenberg et al., 2018;Sarkkola et al., 2013).” 

(L587-604) 

 

444 - this would have been interesting in introduction (with citations and further precision).  

In the introduction, could you have shown us an annual hydrograph and situation your study 

within that?  (I know you showed a little bit of a hydrographic, but it wasn't the whole year).  

We changed figure 2 to include environmental data and the hydrograph for the entire 2016 

year. We include dotted vertical lines in the figure to clearly show the study period used in 

this study.  

 

Figure 6 - It is hard to believe these are lines. 

We are a little confused about this comment. In Figure 6, we present the results of model 

simulations in which we ran the APES model where LAI was changed from 1 to 7 m2 m-2 at 

0.5 intervals. In doing so, we show how changes in LAI influences ET and it flux 

components. We explain this in the discussion section where we say: “To assess how forest 
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management practices may affect ET as well as the relative importance of its component 

fluxes, we ran the APES model with canopy LAI values ranging from 1 to 7 m2 m-2. “ (L593-

595) 

 

We also now place the two panels in Figure 6 next to each other to more clearly show how 

changes in LAI influences ET and its flux components.  

 

 

Reviewer #2: Dr. Miriam Coenders-Gerrits 

 

L146: the author only consider the growing season. I think it’s important to emphasis 

throughout the paper.  

We agree that this is an important point to emphasis and have made sure to highlight this 

throughout the manuscript. We have also made a change to the title to emphasis that this 

study only considers the growing season. The new title reads as follows: “Partitioning 

growing season water balance within a forested boreal catchment using sapflux, eddy 

covariance and a process-based model”  

  

- L176: I am happy to see that below EC-system latent heat is considered. However, equation 

1 is only valid once the forest is homogeneous since the footprint of the ECsystem and the 

below canopy latent heat are different. How ’homogeneous is your forest? Please elaborate. –  

The C2 subcatchment is completely covered (99.9% forest cover) by an old growth (> 100 

yr.) mixed forest stand. We now included a high-resolution aerial photograph of the C2 

subcatchment in Figure 1c that shows the homogenous forest cover within the subcatchment. 

We have also added some text in the methods section to better describes the homogenous 

nature of the forest stand within the C2 subcatchment. The sentence reads as follows: “The 

C2 subcatchment is completely covered by an old growth (>100 yr.) mixed forest stand of 

Picea abies (61 %), Pinus sylvestris (34 %), and Betula (5 %) (Laudon et al. 2013).” (L149-

150)  

 

L199: the TF-sampling was done on ’event-base’. Please elaborate on how this was done. Did 

you run into your forest after rain ceased? Or did you do daily observations? How did you 

defined ’an event’?  

We collected water from individual rain gauges immediately after rain ceased and thus each 

rainstorm represents an ‘event’. During the study period that corresponded to 26 rain events. 

We added a sentence to the methods section that describes how the TF sampling was done. 

The added sentence reads as follows: “Water was collected from individual rain gauges 

immediately after each rain event resulting in event-based IC estimates (Gash, 1979).” (L227-

228) 

 

- L207: How did you tested whether ALS had the highest correlation with seasonal 

interception loss?  

We used the FUSION software to characterized the canopy structure above each throughfall 

collector (i.e., a two-meter horizontal distance for each collector), which is based on spatial 

canopy density data acquired from airborne laser scanning (ALS). In total, the FUSION 

software gave us a total of 121 different matrices that describes the canopy structure. We then 

looked at the correlation coefficient between season IL for each of the 25 TF collectors and 

all 121 canopy matrices. We found that ElevMADmedian had the highest correlation with 
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measured seasonal interception losses and could explain 77% of the variation in IL. We have 

added some text to the methods section to make this clear. We now also include a table in the 

supplementary material (Table S1) that shows the 10 canopy matrices that had the highest 

correlation with seasonal IC, as suggested by reviewer #1. The section now reads as follows: 

“Spatial canopy density data acquired from airborne laser scanning (ALS) was used in the 

FUSION software (McGaughey, 2012) to characterized the canopy structure above each 

throughfall collector (2 m radius around each collector). We found that the absolute 

deviation of ALS height measurements from overall median height (ElevMADmedium) 

showed the highest correlations to IC and could explain 77% of variation in seasonal IC 

(Table S1).” (L228-233)  

- L220-285: Please have a look at the recent technical note by Larsen et al 2019. Would it be 

necessary to compensate your sapflow measurements as well? Not doing this could mean an 

overestimation of your transpiration. 

Thank you for bring this paper to our attention. The paper by Larsen et al. (2019) highlights 

the concerns of probe misalignment when using heat pulse sensors for sap flow 

measurements. In our study, we used the heat dissipation approach and it is unclear if probe 

misalignment has the same effect, or has any effect, and if it has an effect whether the 

proposed correction based on heat pulse sensors would work for heat dissipation sensors. 

Employing the correction therefore may increase the error.  

 

In our study we accounted for known sources of sources associated with radial, azimuthal and 

trees size in an attempt to minimize errors association with our calculations of transpiration. 

Although we employed the same coefficients when calculating transpiration we believe this 

has a minimal effect because the approach we used has previously been shown to produce 

reasonable results, especially in conifers, based on comparisons with eddy covariance and 

mass balance approaches (Oren et al. 1998; Schäfer et al. 2002; Ward et al. 2008; Oishi et al 

2008; Tor-ngern et al. 2018; Ward et al. 2018).  

 

  Oren R, Phillips N, Katul G, Ewers BE, Pataki DE (1998) Scaling xylem sap flux and soil  

   water balance and calculating variance: a method for partitioning water flux in   

   forests. Annales des Sciences Forestieres 55:191-216 

  Schäfer KVR, Oren R, Lai CT, Katul GG (2002) Hydrologic balance in an intact temperate   

   forest ecosystem under ambient and elevated atmospheric CO2 concentration. Global  

   Change biology 8: 895-911 

Ward EJ, Oren R, Sigurdsson BD, Jarvis PG, Linder S (2008) Fertilization effects on mean  

   stomatal conductance are mediated through changes in the hydraulic attributes of mature   

   Norway spruce trees. Tree Physiology 28: 579-596. 

Oishi AC, Oren R, Stoy PC (2008) Estimating components of forest evapotranspiration: A  

   footprint approach for scaling sap flux measurements. Agricultural and Forest   

   Meteorology 148: 1719-1732 

         Tor-ngern P, Oren R, Palmroth S, Novick K, Oishi A, Linder S, Ottosson-Löfvenius M,  

   Näsholm T (2018) Water balance of pine forests: synthesis of new and published  

   results. Agriculture and Forest Meteorology 259:107-117 

         Ward EJ, Oren R, Kim HS, Kim D, Tor-ngern P, Ewers BE, McCarthy HR, Oishi AC,  

   Pataki DE, Palmroth P, Phillips NG, Schäfer KVR (2018) Evapotranspiration and water  

   yield of a pine-broadleaf forest are not altered by long-term atmospheric [CO2] enrichment  

   under native or enhanced soil fertility. Global Change Biology 24: 4841-4856. DOI:  

   10.1111/gcb.14363 
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 - section 2.3: a better explanation of the modelling principles of APES, would help the 

reader. For example showing model-scheme.  

We have reorganized and streamlined Section 2.3 to provide a better overview of the 

modeling principles of APES (L314-364). The reader can find a Figure of the model scheme 

in Launiainen et al. (2015), which we cite when describing the model.  

Launiainen, S., Katul, G. G., Lauren, A., and Kolari, P. (2015) Coupling boreal forest CO2,  

   H2O and energy flows by a vertically structured forest canopy – Soil model with separate  

   bryophyte layer, Ecological Modelling, 312, 385-405. 

 

- section 2: I think it would help to make a schematic picture (a bit like figure 5) of how you 

define ET and its subcomponents.  

We acknowledge that it is a little unclear on how exactly we define and quantify ET and its 

flux components. We therefore added a paragraph to the beginning of section 2 that explains 

how we calculated ET and it flux components. The paragraph reads as follows: “We used the 

hydrological mass balance approach in combination with empirical measurements of vertical 

and horizontal water fluxes to quantify the water balance components within the C2 

subcatchment. The mass balance equation is 

𝑑𝑠/𝑑𝑡 = 𝑃 − 𝐸𝑇 − 𝑄    (1) 

where ds/dt is change in soil water storage per unit area and Q is stream runoff. ET was 

measured using the eddy covariance technique, and partitioned into components as 

𝐸𝑇 = 𝑇 + 𝐼𝐶 + 𝐸𝑇𝑈   (2)  

where canopy tree T was determined using sap flow sensors and evaporation of intercepted P 

from the tree canopy (IC) was determined as the difference between open sky precipitation 

and water collected on event basis in rain gauges placed below the canopy (see below). 

Understory evapotranspiration (ETu) was not directly measured in this study, but was 

instead calculated as 

𝐸𝑇𝑈 = 𝐸𝑇 − 𝐼𝐶 − 𝑇    (3) 

Because IC was estimated on an event basis, our estimate of ETu was for the entire growing 

season. Daily stream runoff (Q) was calculated as daily discharge, obtained from the 

Svartberget data portal (https://franklin.vfp.slu.se/), per catchment area. Change in soil 

water storage (ds/dt), which includes ground water recharge, was calculated as the residual 

of the hydrological mass balance (eq. 1).” (L167-184) 

 

We believe this added paragraph now provides a clear description of how we quantified ET 

and its flux components. However, we could also include a schematic picture if it is deemed 

necessary.   

 

- L376-380: be careful with your definitions of transpiration, evaporation and 

evapotranspiration. ETu is a combination of forest floor interception, understory transpiration 

(mosses) and soil evaporation and is thus not only ’evaporation’ as said in L378. Also the 

role of soil evaporation is not explained. Is soil evaporation relevant in your study site? 

Why/why not.  

We have carefully gone through the manuscript to make sure we are consistent with our 

definitions of transpiration, evaporation, and evapotranspiration. Additionally, we have 

change “IL” to “Ic” throughout the manuscript to make it clear that we are talking about 

evaporation of intercepted precipitation in the tree canopy. In this specific case (L376-380), 

we have rewritten this sentence to make it clear that we are talking about Ic and understory 

evapotranspiration (ETu). The sentence reads as follows: “Modeled estimates of intercepted P 

https://franklin.vfp.slu.se/
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in the tree canopy together with understory evapotranspiration (IC + ETu) followed a similar 

pattern to the measured data, which here was computed as the difference between ET and T 

(Fig. 3c).” (L411-413)  

 

At our site, soil evaporation is negligible as there is very little bare ground within the C2 

subcatchment. We now provide this information in the methods section when describing the 

understory vegetation at our site. The sentence reads as follows: “The understory consists of a 

continuous layer of bilberry (Vaccinium myrtillus), lingonberry (Vaccinium vitis idaea), and 

mosses (Pleurozium schreberi and Hylocomium splendens) with no bare ground.” (L151-

153)  

 

- Section 4: the discussion and conclusions are merged into one section. I think it would be 

better to split this. And/or merge the discussion with the results section. But for sure make a 

separate section for the conclusions only where you are only answering to the research 

objective.  

We have now made a separate section for the conclusions.  

 

Specific (minor) comments:  

- L31: redundant to mention "and being roughly 7 times greater than stream runoff". This is 

the same info as saying ET is 85  

We have removed “and being roughly 7 times greater than stream runoff” from the sentences. 

The sentence now reads as follows: “During the growing season, ET represented ca. 85 % of 

the incoming precipitation.” (L29-30) 

 

- L44: Maybe better to mention the spread in global ET. This is ca 55-80 

We now mentioned the spread in global ET. The sentence now reads as follows: “At a global 

scale, ET accounts for ca. 60 % of the annual terrestrial P (Oki and Kanae, 2006); yet the 

relative importance of ET varies considerably among different biomes, ranging between 55–

80 % of incoming P (Peel et al., 2010).” (L43-47) 

 

- L71: after e.g. a comma.  

We added a comma after e.g. The sentence now reads as follows: “Most studies typically 

partition ET at the stand or plot scale without considering the broader hydrological cycle 

(e.g., Cienciala et al., 1997;Grelle et al., 1997;Wang et al., 2017;Ohta et al., 2001;Iida et al., 

2009;Hamada et al., 2004;Maximov et al., 2008;Warren et al., 2018;Schlesinger and 

Jasechko, 2014).” (L89-92)  

 

- L128: unit of annual rainfall is mm/year.  

We now include yr-1 in our units of annual rainfall. The sentence now reads as follows: 

“Mean annual precipitation is 619 mm yr-1, with the majority (ca. 60%) falling in the form of 

rain.” (L132-133) 

 

- L157-165: variables like P, Q, dS, etc should be in italic.  

We now italicized all water flux components (i.e., P, Q, ET, T, IC, ETu, and ds/dt) in this 

section and throughout the manuscript.  

 

- L165: I prefer to rename dS into dS/dt, since dS is the storage change per time.  

We have changed ΔS to ds/dt in this section as well as throughout the manuscript.  

 

- L172: details => detail.  
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We have rewritten this sentence as suggested by reviewer #3. The sentence now reads as 

follows: “A detailed description of the EC data processing and quality control can be found 

in Chi et al. (2019).” (L200-201) 

 

- Fig S1: the unit of P is mm/y. Furthermore, I would change instead of showing Q/P, 

showing ET/P. Since this the focus of the paper.  

We changed the units of P to mm yr-1 and now show ET/P in Figure S1.  

 

- L337-342: This is a result. 

We agree that L337-342 can be interpreted as a result, but we consider this finding as a test of 

the validity of the model at our study site. As the APES model was able to represent 

individual components of the surface energy balance reasonably well, it gives us confidence 

on the model’s predictions of ET and its flux components. This information is only used as a 

model check and thus we choose to present it in this section and as a supplementary figure. 

 

- Fig3c: why showing IL+ETu? Why not only ETu? This would more sense in my view. 

We agree that it would be nice to directly compared daily values of “measured” and 

“modeled” ETu during the study. However, this was not possible because canopy interception 

loss (IL) were determined on an event-basis, and not on a daily basis. The “measured” data 

presented in Figure 3c is the difference between ET and canopy transpiration, which is IC + 

ETu. We have rewritten the figure caption to make this clearer. The figure caption now reads 

as follows: “Figure 3. Measured and modelled evapotranspiration ET (a) and its component 

fluxes: canopy transpiration, T (b), evaporation of intercepted P in the tree canopy and 

understory evapotranspiration, IC + ETu (c) and modeled canopy interception evaporation, 

IC (d) in a boreal forest catchment during the 2016 growing season. Colored shaded areas 

show simulation results for whole parameter space and gray shaded areas represent 

uncertainty in measurements. Small panels on the left side show correlation between daily 

modelled and measured values. Measured IC + ETu in panel (c) was determined as the 

difference between total ET and T.” (L419-426)  

 

- Section 2/fig 3: explain how ETu is ’measured’. It’s calculated as ETu=ET-IL-T, right? 

Please add this equation and elaborate on the fact that ETu is thus not independent of the 

other measured components.  

Understory evapotranspiration (ETu) was not directly measured in this study, but instead was 

calculated as: ETu = ET – IC – T. Moreover, because IC was estimated on an event basis, our 

estimate of ETu was for the entire growing season. We added text to the methods section that 

better describes how ETu was calculated. The section reads as follows: “Understory 

evapotranspiration (ETu) was not directly measured in this study, but was instead calculated 

as 

𝐸𝑇𝑈 = 𝐸𝑇 − 𝐼𝐶 − 𝑇    (3) 

Because IC was estimated on an event basis, our estimate of ETu was for the entire growing 

season.” (L177-181) 

 

- Figure 5: I would add the percentages as well. Furthermore, be consistent in the naming of 

ET and its subcomponents. Would it not be better to use here the abbreviations?  

In Figure 5, we now include the percentage of individual flux in relation to total ET. We did 

not include the percentage of individual flux components in relation to incoming P, as we 

believe this may cause confusion and would make the figure more difficult to understand. 

However, the values of total P and individual water pathways are presented in this figure, 
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which makes it possible to also determine the percentage of different water pathways in 

relation to total P. The caption to Figure 5 now reads as follows: “Figure 5. Partitioning of 

water fluxes based on empirical measurements (left side) and model simulation (right side) in 

a coniferous boreal catchment during the 2016 growing season (July-October). Values for 

each flux are presented as mean absolute values (mm) with upper and lower boundaries 

shown in parenthesis. The percentages gives the relative contribution of ET components to 

total ET.” (L457-461) 

 

Additionally, we now use the abbreviation for the different ET flux components in the figure.   

 

 

Reviewer #3: Anonymous reviewer 

 

Title âA˘ c The word composition of the title is not clear “ ´ . . .forest water balance. . .” is it 

partitioning of water balance in boreal forest, or partitioning forest-water balance?  

We have changed the title to: “Partitioning growing season water balance within a forested 

boreal catchment using sapflux, eddy covariance and a process-based model” 

 

Abstract:  

âA˘ c It would be nice to see water balance ways more specific to boreal ´ forests to get a 

clearer picture how this work is worthy for readers  

In the abstract, we now make it clear that few studies have partitioned ET into it individual 

flux components in boreal forests. The first sentence of the abstract now reads as follows: 

“Although it is well known that evapotranspiration (ET) represent an important water flux at 

local to global scales, few studies have quantified the magnitude and relative importance of 

ET and its individual flux components in high latitude forests.” (L21-23) 

 

Also, in the introduction we now highlight the considerable variation in the relative 

importance of ET in boreal forests. Thus, quantifying the magnitude and spatiotemporal 

variation of transpiration and evaporation separately is crucial to better understand how water 

moves through boreal forest landscapes.  

 

âA˘ c In line 20, it ´ reads “water is lost”; this is very confusing wording all over the paper. 1) 

water cannot be lost from a system, 2) I assume this paper deals with water balance, so water 

“flows” from one state/regime to next, and that is not lost, 3) there could be some cases 

where ET can be referred as lost; that is when rainfall is dealt as “gain” 

We agree that ET is a water flux and that it may be misleading, and potentially confusing, to 

consider ET as a “loss”.  We have carefully gone through the manuscript and replaced “loss” 

with ET and its component fluxes and no longer refer to ET as a “water loss”. We have also 

rephrased the first sentence in the introduction to now describe the movement of water in 

terrestrial ecosystems as inputs and outputs as suggested by reviewer #1. The sentence now 

reads as follows: “In the hydrological cycle, water enters terrestrial ecosystems mainly 

through precipitation (P). This water leaves terrestrial ecosystems either through 

evapotranspiration (ET) back to the atmosphere or as stream runoff (Q).” (L41-43) 

 

 âA˘ c Line ´ 30 change “water loss pathway” to “water balance component” 

We have changed “water loss pathway” to “water balance components”. The sentence now 

reads: “This study was conducted within the Krycklan Catchment, which has a rich history of 

hydrological measurements thereby providing us the unique opportunity to compare the 
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absolute and relative magnitude of ET and its flux components to other water balance 

components.” (L26-29) 

 

âA˘ c Line 32 Canopy ´ interception is not part of ET, it should be rather evaporation from 

canopy  

We agree that interception in not part of ET, but rather evaporation of intercepted water in 

canopy trees. We have rewritten this sentence to make this clear. The sentence now reads as 

follows: “Both empirical results and model estimates suggested that tree transpiration (T) 

and evaporation of intercepted water from the tree canopy (IC) represented 43 % and 31 % of 

ET; respectively, and together was equal to ca. 70 % of incoming precipitation during the 

growing season.” (L29-33) 

 

âA˘ c Line 33- ´ 34, the numbers do not add up 70, check  

We agree that the numbers in line 33-34 do not add up to 70. However, the number presented 

in lines 33-34 represented the percentage of T and IC to total ET, whereas the 70 % is in 

reference to T and IL being equal to ca. 70 % on the incoming precipitation during the 

growing season. We have reworded this sentence to make this clear. The sentence now reads 

as follows: ““Both empirical results and model estimates suggested that tree transpiration (T) 

and evaporation of intercepted water from the tree canopy (IC) represented 43 % and 31 % of 

ET; respectively, and together was equal to ca. 70 % of incoming precipitation during the 

growing season.” (L29-33) 

 

Introduction:  

âA˘ c The study has got no clear ´ definition of hypothesis or purpose of the study  

The objectives of the study are stated in the final paragraph of the introduction: The main 

objective of this study was to i) constrain the absolute and relative magnitudes of ET flux 

components by using both empirical data and model simulations, ii) to explore how they vary 

during the course of the growing season, iii) to compare different ET flux components to 

other water balance components (i.e., stream runoff) and iv) directly assess the important role 

trees play in the boreal hydrological cycle during the growing season. 

 

âA˘ c Line 51-52, I don’t agree that most ´ studies treat ET as a single water flux pathway  

We have removed this sentence from the manuscript.  

 

âA˘ c Line 62-63, I think, rather there ´ are dozens of experimental studies for decades  

We have reword this sentence and now acknowledge the long history of research on ET as 

suggested by reviewer #1. The sentence now reads as follows: “Research investigating the 

biotic and abiotic controls on ET has a long history, dating back centuries (Katul et al., 

2012;Brutsaert, 1982). However, efforts to separately estimate T and evaporation began in 

the 1970s (see Kool et al., 2014) and ever since there has been an increasing number of 

studies partitioning ET (Stoy et al., 2019;Schlesinger and Jasechko, 2014). There are a 

number of different approaches and methodology to partition ET into its individual flux 

components (Kool et al., 2014), including empirical measurements (Mitchell et al., 

2009;Cavanaugh et al., 2011;Good et al., 2014;Sutanto et al., 2014) as well as a number of 

different process based models (Sutanto et al., 2012;Stoy et al., 2019;Launiainen et al., 

2015).” (L72-80)  

 

âA˘ c Line 73, what does it mean by ´ “few investigation on water balance at catchment 

scale”?  
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We are trying to highlight that the majority of ET partitioning studies have been done at the 

stand and/or plot scale and thus are not able to directly compare the magnitude of ET and its 

flux components to other water pathways (i.e., steam runoff). We have rewritten this sentence 

to make this clearer. The sentence now reads as follows: “We are aware of only a few 

investigations that have partitioned ET at the catchment scale (Telmer and Veizer, 

2000;Sarkkola et al., 2013), and thus we have little empirical data about how T compares to 

other water fluxes (i.e., streamflow) in the terrestrial hydrological cycle.” (L92-97)   

 

âA˘ c The paragraph after line ´ 90 better fits above the previous paragraph 

We agree and have moved this section to the previous paragraph.  

 

âA˘ c Line 114, what is the state-of-the-art ´ of hydrological measurements at the study site? 

Give some details of measurements done which of course respective to this study  

We have rewritten this sentence to highlight that this study builds upon the rich history of 

long-term hydrological measurements within the Krycklan catchment. The sentence now 

reads as follows: “This study was conducted within the Krycklan Catchment, which has a rich 

history of hydrological measurements (see Laudon et al., 2013;Laudon and Sponseller, 

2018), thereby providing us the unique opportunity to compare different ET flux components 

to other water balance components (i.e., streamflow) as well as to directly assess the 

important role trees play in the boreal hydrological cycle.” (L118-122) 

 

Methods:  

âA˘ c Line 147-148, not clear ´  

We have removed “spanning from after the spring flood until leaf senescence for deciduous 

species” from the sentence. The sentence now reads as follows: “Our study period was the 

growing season of 2016. The water balance and ET partitioning were restricted to July-

October due to measurement availability.” (L159-161) 

 

âA˘ c Line 153-155, not clear  

We have removed this sentence from the manuscript.  

 

â A˘ c Line 157, what are the environmental data, give the ´ details or examples 

We now provide details about the instruments used to measure environmental data. The 

sentences now reads as follows: “Environmental data used in this study included open sky 

precipitation (T200BM Geonor Inc., New Jersey, USA), air temperature and relative 

humidity (MP102H Rontronic AG, Switzerland), wind speed (METEK uSonic3 Class-A, 

Meteorologische Messtechnik GmbH, Germany), atmospheric pressure (PTB210 Vaisala 

Inc., Finland), incoming short and long-wave radiation (CNR4 Kipp & Zonen B.V., 

Netherlands), photosynthetic active radiation (PAR; SQ-110 Apogee Instruments Inc., Utah, 

USA), as well as soil temperature and moisture measured at 0.05 m depth (Thermocouple, 

Type E Campbell Scientific Inc., Utah, USA). All environmental data were obtained from the 

ICOS portal, Svartberget station (http://www.icos-sweden.se/data.html).” (L185-193)  

 

âA˘ c Paragraph line 165-175, Too much information. Please classify ´ with instruments, 

data, how processed, calibrated, purpose – this might help readers to understand  

We have simplified and clarified the description of the eddy covariance measurements in the 

methods section as suggested. The section now reads as follows: “The EC instrumentation 

consists of a 3D ultrasonic anemometer (METEK uSonic3 Class-A, Meteorologische 

Messtechnik GmbH, Germany) for measuring wind components (u, v, w) and an enclosed 

infrared gas analyzer (LI-7200, LI-COR Biosciences, USA) for measuring CO2 and H2O 

http://www.icos-sweden.se/data.html
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concentrations. The 10 Hz raw data were processed in the EddyPro® software (version 6.2.0, 

LI-COR Biosciences, USA) to obtain the 30-min averaged fluxes. A detailed description of 

the EC data processing and quality control can be found in Chi et al. (2019). In brief, the 

half-hourly ET data were corrected for changes in the storage term which was estimated 

from concentration profile measurements at several levels (4, 10, 15, 20, 25 and 30 m) 

between the forest ground and the measurement height. ET data were then filtered based on 

the EddyPro quality check flagging policy which includes tests on steady state and developed 

turbulent conditions based on Mauder and Foken (2004), advection effects (Wharton et al., 

2009), wind distortion, power failure, and site maintenance activities. Gaps in the half-hourly 

ET data were filled based on empirical relationships between ET and net radiation using the 

REddyProcWeb online tool (Wutzler et al., 2018). Based on the Kljun footprint model (Kljun 

et al., 2015), the EC footprint (90 %) covers a measurement area of ~0.5 km2 with a mean 

upwind fetch of ~400 m surrounding the tower. The uncertainty in the EC-based ET was 

estimated by the Monte Carlo simulation (Richardson and Hollinger, 2007).” (L195-212) 

 

âA˘ c Line 179, what does it mean by “non-stationarity” this word commonly ´ used in 

statistical description not in instrumentation  

This sentence has been rephrased and now reads as follows: “ET data were then filtered 

based on the EddyPro quality check flagging policy which includes tests on steady state and 

developed turbulent conditions based on Mauder and Foken (2004), advection effects 

(Wharton et al., 2009), wind distortion, power failure, and site maintenance activities.” 

(L203-207) 

 

âA˘ c Assumptions described in line ´ 188-190 are wrong, re-write (it should be IL = GP-TF-

SF)  

We are aware that stemflow (SF) is often included when calculating canopy interception 

losses (i.e., IC = GP – TF – SF). However, previous work within the Krycklan catchment has 

shown no SF in forest stands dominated by spruce and pine trees during the summer months 

(Venzke 1990). Thus, we have omitted SF when calculating IC in our study. We have added a 

sentence in the methods sections that highlights this previous observation which in turn 

provides justification for our calculation of IC as the difference between GP and TF. The 

section now reads as follows: “Evaporation of intercepted P from the tree canopy (IC) was 

determined by subtracting throughfall (TF) from open sky P: 

𝐼𝐶 = 𝑃 − 𝑇𝐹     (4) 

Previous research within the Krycklan catchment has shown that during the growing season 

stemflow is negligible in forest stands dominated by P. sylvestris and P. abies (Venzke, 1990) 

and consequently omitted in this study.” (L213-218)  

 

Results and discussion  

âA˘ c´ Are mixed up and not well structured: please take rendering sentences from results to 

discussion 

We have carefully gone through the results and discussion sections to better improve its 

structure as well as make sure that all interpretation of the data is moved to the discussion 

section.  
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Abstract  20 

Although it is well known that evapotranspiration (ET) represent an important water flux at 21 

local to global scales, few studies have quantified the magnitude and relative importance of 22 

ET and its individual flux components in high latitude forests. In this study, we combined 23 

empirical sapflux, throughfall and eddy covariance measurements with estimates from a 24 

process-based model to partition the water balance in a northern boreal forested catchment. 25 

This study was conducted within the Krycklan Catchment, which has a rich history of 26 

hydrological measurements thereby providing us the unique opportunity to compare the 27 

absolute and relative magnitude of ET and its flux components to other water balance 28 

components. During the growing season, ET represented ca. 85 % of the incoming 29 

precipitation. Both empirical results and model estimates suggested that tree transpiration (T) 30 

and evaporation of intercepted water from the tree canopy (IC) represented 43 % and 31 % of 31 

ET; respectively, and together was equal to ca. 70 % of incoming precipitation during the 32 

growing season. Understory evapotranspiration (ETu) was less important than T and IC during 33 

most of the study period, except for late autumn when ETu was the largest ET flux 34 

component. Overall, our study highlights the importance of trees in regulating the water cycle 35 

of boreal catchments, implying that forest management impacts on stand structure as well as 36 

climate change effects on tree growth are likely to have large cascading effects on the way 37 

water moves through these forested landscapes.  38 

 39 

1 Introduction 40 

In the hydrological cycle, water enters terrestrial ecosystems mainly through precipitation 41 

(P). This water leaves terrestrial ecosystems either through evapotranspiration (ET) back to 42 

the atmosphere or as stream runoff (Q). At a global scale, ET accounts for ca. 60 % of the 43 

annual terrestrial P (Oki and Kanae, 2006); yet the relative importance of ET varies 44 
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considerably among different biomes, ranging between 55–80 % of incoming P (Peel et al., 46 

2010). Understanding this variation in ET is crucial, as the difference between incoming P 47 

and ET represents the available water in terrestrial ecosystems, which in turn has cascading 48 

effects on streamflow (Karlsen et al., 2016;Koster and Milly, 1997), groundwater recharge 49 

(Githui et al., 2012) and the ecosystem carbon cycle (Wang et al., 2002;Öquist et al., 2014).  50 

Boreal forests cover ca. 12 million km2 of land area and represents the second largest 51 

biome behind tropical forests (Bonan, 2008). Given their large size, boreal forests regulate 52 

water and energy fluxes over a vast area and thus play an important role in global hydrology 53 

and climatology (Bonan, 2008;Baldocchi et al., 2000;Chen et al., 2018). Boreal forests also 54 

play an important role in the global carbon cycle (Goodale et al., 2002); sequestering ca. 0.5 55 

petagrams of carbon annually and storing approximately one third of the global terrestrial 56 

carbon (Bradshaw and Warkentin, 2015;Pan et al., 2011). However, few studies have 57 

partitioned the water balance in boreal forests (Talsma et al., 2018;Peel et al., 2010;Tor-ngern 58 

et al., 2018). In the ones that have, ET has been shown to represent 45-85% of incoming P 59 

(Peel et al., 2010).  60 

Such large variation in ET across and within biomes may, in part be explained by the 61 

fact that ET represents two fundamentally different water flux pathways in terrestrial 62 

ecosystems: (1) transpiration (T) through stomata of plants and (2) evaporation from wet 63 

surfaces. These two pathways are controlled in different ways and to varying degrees by 64 

environmental factors and thus are likely to respond differently to changes in environmental 65 

conditions and vegetation dynamics. Specifically, T occurs mainly during the growing season 66 

and is thus governed by plant physiological processes, whereas evaporation occurs 67 

throughout the year and is strongly controlled by vapor pressure deficit, surface wetness, and 68 

aerodynamic conductance (Katul et al., 2012). Thus, quantifying the magnitude and 69 
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spatiotemporal variation of T and evaporation separately is crucial to better understanding 70 

how water moves through boreal forest landscapes.  71 

Research investigating the biotic and abiotic controls on ET has a long history, dating 72 

back centuries (Katul et al., 2012;Brutsaert, 1982). However, efforts to separately estimate T 73 

and evaporation began in the 1970s (see Kool et al., 2014) and ever since there has been an 74 

increasing number of studies partitioning ET (Stoy et al., 2019;Schlesinger and Jasechko, 75 

2014). There are a number of different approaches and methodology to partition ET into its 76 

individual flux components (Kool et al., 2014), including empirical measurements (Mitchell 77 

et al., 2009;Cavanaugh et al., 2011;Good et al., 2014;Sutanto et al., 2014) as well as a number 78 

of different process based models (Sutanto et al., 2012;Stoy et al., 2019;Launiainen et al., 79 

2015). Each of these different approaches have their advantages and disadvantages and it has 80 

been shown that the relative contribution of different ET flux components differs depending 81 

on the approach used (Schlesinger and Jasechko, 2014). It has therefore been highlighted that 82 

the use of multiple methods is desirable to more accurately partition ET into it individual flux 83 

components (Stoy et al., 2019). 84 

At a global scale, it was recently estimated that T represents 80 to 90 % of terrestrial 85 

ET (Jasechko et al. 2013). The high estimate of T/ET reported by Jasechko et al. (2013) has 86 

been strongly contested (Coenders-Gerrits et al., 2014), with a more conservative estimate of 87 

T representing ca. 60 % of ET being more generally accepted (Wei et al., 2017;Schlesinger 88 

and Jasechko, 2014). Most studies typically partition ET at the stand or plot scale without 89 

considering the broader hydrological cycle (e.g., Cienciala et al., 1997;Grelle et al., 90 

1997;Wang et al., 2017;Ohta et al., 2001;Iida et al., 2009;Hamada et al., 2004;Maximov et 91 

al., 2008;Warren et al., 2018;Schlesinger and Jasechko, 2014). We are aware of only a few 92 

investigations that have at the catchment scale (Telmer and Veizer, 2000;Sarkkola et al., 93 

Deleted: Despite these recent advances in partitioning ET, m94 

Deleted: ecohydrological 95 
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2013), and thus we have little empirical data about how compares to other water fluxes (i.e., 96 

streamflow) in the terrestrial hydrological cycle.  97 

Transpiration can be further partitioned between canopy trees and understory 98 

vegetation. Few studies have measured understory T, yet the ones that have suggest that 99 

understory T represents a small fraction of total T (Kulmala et al., 2011;Palmroth et al., 2014) 100 

but the contribution is strongly dependent on canopy tree structure (Constantin et al., 101 

1999;Baldocchi et al., 1997;Domec et al., 2012). Similarly, total evaporation can be 102 

partitioned into evaporation of precipitation intercepted by canopy trees (IC) and evaporation 103 

from the forest floor, which includes evaporation from non-stomatal surfaces, bare ground 104 

and open water. At a global scale, IC represents roughly 20 % of incoming P (Wang et al., 105 

2007) and in many forested ecosystems IC represents a substantial portion of total evaporation 106 

(Barbier et al., 2009;Gu et al., 2018). By separating T and evaporation into their different flux 107 

components, it is possible to directly assess the important role trees play in the terrestrial 108 

hydrological cycle. 109 

In this study, we use a combination of empirical data derived from eddy-covariance 110 

and sapflux measurements as well as rain gauges collecting open sky and throughfall 111 

precipitation to partition ET into its individual flux components during a single growing 112 

season in a northern boreal headwater catchment. Additionally, we used a multi-layer, multi-113 

species soil-vegetation-atmosphere transfer model (APES model based on Launiainen et al., 114 

2015) as an independent approach to partition ET. In doing so, the main objective of this 115 

study was to: i) constrain the absolute and relative magnitude of ET flux components by 116 

using both empirical data and model simulations and ii) to explore how they vary during the 117 

course of the growing season. This study was conducted within the Krycklan Catchment, 118 

which has a rich history of hydrological measurements (see Laudon et al., 2013;Laudon and 119 

Sponseller, 2018), thereby providing us the unique opportunity to compare different ET flux 120 
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components to other water balance components (i.e., streamflow) as well as to directly assess 121 

the important role trees play in the boreal hydrological cycle. 122 

 123 

2. Material and Methods 124 

2.1 Study site 125 

The study was conducted in the 14 ha subcatchment C2 (64.26 N, 19.77 E) within the 68 126 

km2 Krycklan Catchment Study area (Laudon et al., 2013) in northern Sweden (Fig. 1). The 127 

Krycklan Catchment Study area is unique as it is one of the oldest long-term catchment 128 

monitoring sites in northern latitudes with continuous hydrological and meteorological 129 

measurements dating back to the early 1980s (Laudon et al., 2017). The 30-year mean annual 130 

temperature in Krycklan (1986-2015) is 2.1° C; with highest mean monthly temperature in 131 

July and lowest temperature in January (14.6°C and -8.6°C; respectively). Mean annual 132 

precipitation is 619 mm yr-1, with the majority (ca. 60%) falling in the form of rain. Soils 133 

within the C2 are dominated by glacial till (84%), predominately of stony, sandy texture on 134 

gneiss and granite. There is considerable variation in the thickness of the humus layer, yet the 135 

average is 8 cm (Odin, 1992). The average slope is 6% and the outlet of the C2 subcatchment 136 

is located at 243 m a.s.l.  137 

 138 
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Figure 1. Location of the study area in northern Sweden. (a) The outline of Sweden with the 139 

location of the Arctic Circle for reference. (b) The boundary of the 68 km2 Krycklan 140 

Catchment with various subcatchment in different color; C2 subcatchment in yellow. 141 

Throughfall (TF) measurements were made ca. 1 km from the C2 subcatchment and are 142 

shown on this map (blue circle). (c) High resolution aerial photograph with five-meter 143 

contour intervals (white line) and the C2 subcatchment boundary (yellow line). Sap flow 144 

measurements were made at three nodes (green circles) and all environmental and eddy-145 

covariance data were taken from the ICOS tower (yellow circle). (d) Picture of the forest 146 

stand with understory vegetation that is characteristic of the C2 subcatchment.  147 

 148 

The C2 subcatchment is completely covered by an old growth (>100 yr.) mixed forest 149 

stand of Picea abies (61 %), Pinus sylvestris (34 %), and Betula (5 %) (Laudon et al. 2013). 150 

The understory consists of a continuous layer of bilberry (Vaccinium myrtillus), lingonberry 151 

(Vaccinium vitis idaea), and mosses (Pleurozium schreberi and Hylocomium splendens) with 152 

no bare ground. Aside from the small (< 0.5 m wide) headwater stream, there is no open 153 

water within the C2 subcatchment. Similar forest stands extend to the east and west of the C2 154 

subcatchment boundaries by several hundred meters (Fig. 1c). Within the C2 subcatchment, 155 

there is also the Integrated Carbon Observation System (ICOS) Svartberget ecosystem-156 

atmosphere station which provides data on greenhouse gas, water and energy fluxes as well 157 

as meteorological, vegetation and soil environmental variables (www.icos-158 

sweden.se/station_svartberget.html). Our study period was the growing season of 2016. The 159 

water balance and ET partitioning were restricted to July-October due to measurement 160 

availability. The 2016 year was a typical year in terms of precipitation and stream runoff 161 

(Fig. S1). 162 

 163 

Deleted: from July to October 2016 which corresponded to the 164 
snow free growing season. 165 
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2.2 Measurements of the water balance components 166 

We used the hydrological mass balance approach in combination with empirical 167 

measurements of vertical and horizontal water fluxes to quantify the water balance 168 

components within the C2 subcatchment. The mass balance equation is 169 

𝑑𝑠/𝑑𝑡 = 𝑃 − 𝐸𝑇 − 𝑄    (1) 170 

where ds/dt is change in soil water storage per unit area and Q is stream runoff. ET was 171 

measured using the eddy covariance technique, and partitioned into components as 172 

𝐸𝑇 = 𝑇 + 𝐼𝐶 + 𝐸𝑇𝑈   (2)  173 

where canopy tree T was determined using sap flow sensors and evaporation of intercepted P 174 

from the tree canopy (IC) was determined as the difference between open sky precipitation 175 

and water collected on event basis in rain gauges placed below the canopy (see below). 176 

Understory evapotranspiration (ETu) was not directly measured in this study, but was instead 177 

calculated as 178 

𝐸𝑇𝑈 = 𝐸𝑇 − 𝐼𝐶 − 𝑇   (3) 179 

Because IC was estimated on an event basis, our estimate of ETu was for the entire growing 180 

season. Daily stream runoff (Q) was calculated as daily discharge, obtained from the 181 

Svartberget data portal (https://franklin.vfp.slu.se/), per catchment area. Change in soil water 182 

storage (ds/dt), which includes ground water recharge, was calculated as the residual of the 183 

hydrological mass balance (eq. 1). 184 

Environmental data used in this study included open sky precipitation (T200BM 185 

Geonor Inc., New Jersey, USA), air temperature and relative humidity (MP102H Rontronic 186 

AG, Switzerland), wind speed (METEK uSonic3 Class-A, Meteorologische Messtechnik 187 

GmbH, Germany), atmospheric pressure (PTB210 Vaisala Inc., Finland), incoming short and 188 

long-wave radiation (CNR4 Kipp & Zonen B.V., Netherlands), photosynthetic active 189 

radiation (PAR; SQ-110 Apogee Instruments Inc., Utah, USA), as well as soil temperature 190 

Field Code Changed

https://franklin.vfp.slu.se/
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and moisture measured at 0.05 m depth (Thermocouple, Type E Campbell Scientific Inc., 191 

Utah, USA). All environmental data were obtained from the ICOS portal, Svartberget station 192 

(http://www.icos-sweden.se/data.html). 193 

ET was obtained from the ICOS-Svartberget eddy covariance (EC) system installed at 194 

32.5 m above the ground. The EC instrumentation consists of a 3D ultrasonic anemometer 195 

(METEK uSonic3 Class-A, Meteorologische Messtechnik GmbH, Germany) for measuring 196 

wind components (u, v, w) and an enclosed infrared gas analyzer (LI-7200, LI-COR 197 

Biosciences, USA) for measuring CO2 and H2O concentrations. The 10 Hz raw data were 198 

processed in the EddyPro® software (version 6.2.0, LI-COR Biosciences, USA) to obtain the 199 

30-min averaged fluxes. A detailed description of the EC data processing and quality control 200 

can be found in Chi et al. (2019). In brief, the half-hourly ET data were corrected for changes 201 

in the storage term which was estimated from concentration profile measurements at several 202 

levels (4, 10, 15, 20, 25 and 30 m) between the forest ground and the measurement height. ET 203 

data were then filtered based on the EddyPro quality check flagging policy which includes 204 

tests on steady state and developed turbulent conditions based on Mauder and Foken (2004), 205 

advection effects (Wharton et al., 2009), wind distortion, power failure, and site maintenance 206 

activities. Gaps in the half-hourly ET data were filled based on empirical relationships 207 

between ET and net radiation using the REddyProcWeb online tool (Wutzler et al., 2018). 208 

Based on the Kljun footprint model (Kljun et al., 2015), the EC footprint (90 %) covers a 209 

measurement area of ~0.5 km2 with a mean upwind fetch of ~400 m surrounding the tower. 210 

The uncertainty in the EC-based ET was estimated by the Monte Carlo simulation 211 

(Richardson and Hollinger, 2007). 212 

Evaporation of intercepted P from the tree canopy (IC) was determined by subtracting 213 

throughfall (TF) from open sky P: 214 

𝐼𝐶 = 𝑃 − 𝑇𝐹   (4) 215 

http://www.icos-sweden.se/data.html
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Previous research within the Krycklan catchment has shown that during the growing season 216 

stemflow is negligible in forest stands dominated by P. sylvestris and P. abies (Venzke, 217 

1990) and consequently omitted in this study. Measurements of TF were made 1 km from the 218 

study subcatchment (Fig. 1b) by installing 25 rain gauges in a similar mature mixed 219 

coniferous forest stand. The design of rain gauges followed WMO (Bidartondo et al., 2001) 220 

requirements, which included a stable rim with sharp edge, orifice area of 200 cm2, 221 

hydrophobic plastic material and a narrow entrance to the receiving container to prevent 222 

evaporation. To test custom made gauges, three of them were installed next to a standardized 223 

precipitation collector Geonor T200BM (Geonor Inc., New Jersey, USA) at the Svartberget 224 

field station for the entire period and the difference in captured rain was always less than 3%. 225 

Measurements of TF were made between the beginning of July and the end of October 2016. 226 

Water was collected from individual rain gauges immediately after each rain event resulting 227 

in event-based IC estimates (Gash, 1979). Spatial canopy density data acquired from airborne 228 

laser scanning (ALS) was used in the FUSION software (McGaughey, 2012) to characterized 229 

the canopy structure above each throughfall collector (2 m radius around each collector). We 230 

found that the absolute deviation of ALS height measurements from overall median height 231 

(ElevMADmedium) showed the highest correlations to IC and could explain 77% of variation 232 

in seasonal IC (Table S1). IC within the C2 subcatchment was estimated as a weighted 233 

averages of the 25 throughfall collector. The weighting was based on the ElevMADmedium 234 

around each throughfall collector and the frequency distribution of this metric within the 235 

entire C2 subcatchment. To quantify the uncertainty of event-based IC, we grouped 236 

throughfall collectors into five groups based on ElevMADmedium and calculated the 237 

standard deviation for each group and event. To eliminate potential difference between open 238 

sky P within the C2 subcatchment and sampling plot, we estimated the fraction of seasonal 239 

interception loss and multiplied that value by cumulative precipitation at the study catchment. 240 
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Canopy tree transpiration (T) was estimated using sap flux measurements. Within the 241 

EC footprint area, we selected three locations (hereafter referred to as nodes) to measure T 242 

(Fig. 1c). Within each node (25 m radius), we selected 20 trees (10 Pinus sylvestris and 10 243 

Picea abies) that represented the diameter distribution of the entire C2 subcatchment forest 244 

stand. Although Betula spp. is also present within the C2 subcatchment, they contribute less 245 

than 5% of the basal area and we therefore focused on the two dominant conifer species 246 

(Laudon et al., 2013).  247 

Sap flux density (JS, g m-2
sapwood s

-1) was measured at breast height (1.3 m above 248 

ground) using custom-made heat dissipation-type sap flow sensors (Granier, 1987). Each pair 249 

of sensors consisted of a heated and non-heated probe made from 19-gauge hypodermic 250 

needles with metallic, sensing parts cut into 20 mm length. These sensors were installed on 251 

the selected trees with 10-15 cm spacing between probes and all sensors were covered with 252 

reflective insulation to reduce external temperature influences. To account for azimuthal 253 

(Oren et al., 1999;Lu et al., 2000;James et al., 2002;Tateishi et al., 2008) variation in JS, we 254 

installed sensors in the north, east, south and west sides of the stems in 6 of the selected trees 255 

from all nodes (n = 3 per species). We also installed sensors at four 20 mm interval depths 256 

from the inner bark (i.e., 0-20 mm, 20-40 mm, 40-60 mm and 60-80 mm) in a subset of tree 257 

species to account for radial variation in JS (Phillips et al., 1996;Ford et al., 2004;Oishi et al., 258 

2008). Data of temperature difference between the two probes were collected as 30-minute 259 

averages of voltage difference ( V , mV) using a data logger (CR1000, Campbell Scientific, 260 

Logan, UT, USA) which was set to record data every 30 s. The collected data were converted 261 

to JS using the empirical equation  (Granier, 1987) 262 

 𝐽𝑆 = 118.99 x 10−6 × (
𝛥𝑉𝑚−𝛥𝑉

𝛥𝑉
)

1.231
  (5) 263 

where mV  is the maximum voltage difference under zero flow conditions which occur at 264 

night and when vapor pressure deficit is low. We employed the Baseliner program version 265 
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4.0 (Oishi et al., 2016) to convert the V  data to JS. This accounts for nocturnal fluxes 266 

resulting from nighttime transpiration and water recharge in stems by selecting the highest 267 

daily V  to represent mV . The selection criteria for determining mV  were conditions when 268 

(1) the average, minimum 2-hour vapor pressure deficit is less than 0.02 kPa, thus ensuring 269 

negligible transpiration and (2) the standard deviation of the four highest values is less than 270 

0.5 % of the mean of these values, therefore ensuring that water storage change above the 271 

sensor height is negligible compared to JS.  272 

To determine daily T (mm d-1), we first integrated JS over 24 hours as daily JS (JSD, g 273 

cm-2
sapwood d

-1) to avoid issues related to tree water storage and measurement errors (Phillips 274 

and Oren, 1998). Then, we tested JSD variations within sapwood areas in the trees and found 275 

insignificant azimuthal variation (p ≥ 0.23) but significant variation along sapwood depth (p 276 

< 0.001). Accordingly, we performed a scaling based on the radial variation of JSD. First, we 277 

evaluated the relationship between the outermost JSD at 0-20 mm (JSD,0-20mm) sapwood depth 278 

and DBH and found no significant effects of stem size on JSD,0-20mm in either species (p ≥ 0.1). 279 

Therefore, we averaged JSD,0-20mm across all sampled trees and used the data for scaling. Next, 280 

we calculated the ratios between JSD at inner sapwood depths (i.e., 20-40 mm, 40-60 mm and 281 

60-80 mm) and JSD,0-20mm during the study period. Because there was no significant 282 

relationship between the ratios and stem size (p ≥ 0.16), we averaged the ratios across all 283 

trees for each species in each day and used the daily specific ratios between JSD in the inner 284 

sapwood depths and the outermost JSD (JSD,0-20mm) for scaling. Sapwood area (AS, cm2) for 285 

each tree species (P. sylvestris and P. abies) was estimated from allometric equations derived 286 

from > 20 tree cores taken at breast height for each tree species in 2017. Tree cores were 287 

taken from individual trees representing the full range of stem diameter distribution at the site 288 

and stained with alcohol iodine solution (Eades, 1937) to record the depth of active sapwood 289 



30 
 

thereby allowing the estimation of AS of all trees. For scaling, we first estimated weighted 290 

average JSD of each species (JSD,species; g cm-2 d-1) using data from the three nodes by  291 

 𝐽𝑆𝐷,𝑠𝑝𝑒𝑐𝑖𝑒𝑠 =
∑ 𝐽𝑆𝐷,𝑖×𝐴𝑆,𝑖

5
𝑖=1

𝐴𝑆,𝑎𝑙𝑙
  (6) 292 

i is the sapwood depth from the inner bark; i.e., 0-20 mm, 20-40 mm, 40-60 mm, 60-80 mm 293 

and >80 mm, JSD,i is the average daily sap flux density for each layer and calculated as the 294 

product of the averaged ratios and JSD,0-20mm, AS,i is sapwood area of layer i and AS,all is the 295 

total sapwood area of all trees of the species from all nodes. Then, using this weighted 296 

average JSD by species, the canopy transpiration of the C2 subcatchment (T, mm d-1) was 297 

estimated using sapwood area index (SAI, m2
sapwood m

-2
ground) of each species, which was 298 

derived from data from seven permanent forest inventory plots located within the C2 299 

subcatchment.  300 

  𝑇 = 10 × (𝐽𝑆𝐷,𝑝𝑖𝑛𝑒 × 𝑆𝐴𝐼𝑝𝑖𝑛𝑒 + 𝐽𝑆𝐷,𝑠𝑝𝑟𝑢𝑐𝑒 × 𝑆𝐴𝐼𝑠𝑝𝑟𝑢𝑐𝑒) (7) 301 

where 10 is the unit conversion factor. Regarding methodological considerations, the most 302 

common criticism of the heat dissipation method for sap flux measurement, is that it 303 

underestimates the flux (Sun et al., 2012;Steppe et al., 2010). However, according to the 304 

analysis of 54 data from global pine forests in Tor-ngern et al. (2017) estimates from other 305 

sap flux measurement methods showed no particular bias from those with the heat dissipation 306 

one as used in this study. In addition, it has previously been shown that radial variation of sap 307 

flux density and tree size were more important than species in scaling from single-point sap 308 

flux measurements to stand transpiration (2015), both of which were considered in our 309 

analysis. In this study, uncertainty of daily transpiration is represented by standard deviation 310 

of T within the seven permanent forest inventory plots.  311 

 312 
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2.3 Modeling ET partitioning and water balance 313 

We used a slightly modified version of the soil-vegetation-atmosphere transfer model APES 314 

(Launiainen et al., 2015) to partition ET and the water balance within the C2 subcatchment 315 

during the studied growing season. APES simulates coupled water, energy, and carbon cycles 316 

in a forest ecosystem consisting of a multi-layer, multi-species tree stand, understory 317 

vegetation, and a bryophyte layer on the forest floor above a multi-layer soil profile. In 318 

APES, the canopy is conceptualized as a layered horizontally homogeneous porous media 319 

characterized by leaf-area density (LAD, m2 leaves m-3) distribution. The model solves the 320 

transfer and absorption of shortwave and longwave radiation (Zhao and Qualls, 2005, 2006) 321 

and the transport of scalars (air temperature, H2O, CO2) and momentum among canopy layers 322 

(here n=100). Partitioning of rainfall between interception and throughfall, as well as the 323 

energy balance of wet leaves are also solved for each canopy layer (Watanabe and Mizutani, 324 

1996). The canopy LAD distribution is the superposition of LAD distributions for each plant 325 

type considered (e.g., main tree species and understory vegetation). Each plant type can have 326 

its unique physiological properties (i.e., parameter values) regulating phenology, 327 

photosynthetic capacity and stomatal conductance.  328 

In APES, the coupled leaf gas and energy exchange is calculated separately for sunlit 329 

and shaded leaves of each plant type and canopy layer using well-established photosynthesis–330 

stomatal conductance theories (Medlyn et al., 2011;Farquhar et al., 1980) and leaf energy 331 

balance (Launiainen et al., 2015). A separate forest floor component describes water, energy 332 

and CO2 dynamics in the bryophyte layer (Kieloaho and Launianen, 2018;Launiainen et al., 333 

2015). The model thus allows describing the impact of microclimatic gradients along the 334 

canopy, and to partition water fluxes between canopy layers and tree species as well as 335 

between understory T and evaporation. 336 
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To model the coupled water-energy-carbon cycles, with specific focus on ET 337 

partitioning, the vegetation and soil characteristics at C2 subcatchment were assumed to be 338 

horizontally homogenous. The LAD distributions for the main tree species (Picea abies, 339 

Pinus sylvestris, and Betula pendula) were estimated based on stand inventories from seven 340 

forest plots (10 m radius) within the C2 subcatchment. The frequency distributions of 341 

diameter at breast height for each species were converted into needle/leaf biomass and 342 

canopy height  using allometric equations in Marklund (1988) and Näslund (1936) 343 

respectively. The LAD profiles were then derived applying crown-shape models of 344 

Tahvanainen and Forss (2008), and the specific leaf area values reported in Harkonen et al. 345 

(2015). As there are many uncertainties in estimating LAI based on diameter at breast height 346 

alone, the one-sided stand leaf area index (LAItot) was further scaled to match the LAI 347 

estimated from optical measurements done by LAI-2200C Plant Canopy Analyzer.  The 348 

measured LAILicor = 2.75 m2 m-2  (Selin, 2019) was corrected for clumping using a correction 349 

factor 1.6–1.9 (Stenberg et al., 1994), resulting in LAItot between 4.4 and 5.2 m2 m-2. The 350 

normalized LAD distributions of each plant type and stand are shown in Fig. S2. In the 351 

simulations, understory LAIunder was 0.4–0.8 m2 m-2, and the bryophyte layer characterized as 352 

feather moss. Full list of model parameters is provided in the supplementary Tables S2 and 353 

S3. 354 

As forcing variables, the model uses time-averaged (here ½ hourly) meteorological 355 

variables at a reference level above the canopy. These include P, downwelling longwave 356 

radiation, direct and diffuse photosynthetically active and near-infrared radiation, wind speed 357 

(or friction velocity), atmospheric pressure, air temperature, and mixing ratios of H2O and 358 

CO2.  We used measured soil moisture and soil temperature at the depth of 0.05 m as lower 359 

boundary conditions for the model. The half-hourly forcing data were obtained from the 360 

Svartberget ICOS station when available, while meteorological measurements from Degerö 361 
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ICOS station (at 15 km distance) were used in gap-filling. Precipitation records from Degerö 362 

were corrected to match the daily precipitation measured at another station (at 1 km distance 363 

from C2 center) before using them for gap filling. 364 

We simulated the period from May to October 2016, and included parameter 365 

uncertainty through parameter ranges for LAItot, LAIunder, maximum carboxylation rate 366 

(Vcmax) at 25°C and interception capacity (see Tables S2 and S3). To assess model 367 

performance, model results were evaluated at ½ hourly time interval against ecosystem fluxes 368 

(net shortwave and longwave radiation, latent heat, sensible heat and gross primary 369 

productivity) observed at the ICOS-Svartberget EC tower (Chi et al., 2019). Performance test 370 

against the simulation results for the center of the parameter space showed a good agreement 371 

between modelled and measured variables (Fig. S3). Net shortwave and longwave radiation 372 

were predicted with good accuracy while sensible heat flux was slightly overestimated and 373 

latent heat flux consequently underestimated. Model results of ET components were analyzed 374 

on a daily or rain event-based time interval and compared against corresponding estimates 375 

derived from empirical measurements. 376 

 377 

3 Results 378 

Meteorological conditions during the 2016 growing season (Fig. 2) were similar to long term 379 

averages. The highest daily mean temperatures were in the middle of July (ca. 20 °C) 380 

followed by a gradual decrease to around 0 °C at the end of October. As observed for air 381 

temperature, photosynthetically active radiation (PAR) peaked at the end of July and then 382 

decreased to less than 20 W m-2 at the end of October. Daily vapor pressure deficit (VPD) 383 

ranged between 0 and 1.5 kPa, with a notable peak in the middle of July, which also 384 

corresponded to a peak in air temperature. Total precipitation over the study period was 226 385 
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mm, with a strong peak in early August and another at the end of September. These rain 386 

events also resulted in peaks in stream runoff (Fig. 2c).  387 

 388 

 389 

Figure 2. Mean daily hydro-meteorological variables at the Krycklan C2 subcatchment 390 

during 2016: air temperature and wind speed (a); vapor pressure deficit, VPD and 391 

photosynthetically active radiation, PAR (b); precipitation and stream runoff (c). Beginning 392 

and end of the study period is marked with vertical dotted lines. Shaded areas for air 393 

temperature and VPD show minimum and maximum values during a day. 394 

 395 

3.1 Daily variability of ET and its components 396 

Over the study period, daily ET varied between 0 and 4 mm d-1 depending on the weather 397 

conditions (Fig. 3a). Except for a very short time period following a large rain event on 398 

August 9, ET was always higher than Q. In general, there was good agreement between 399 

empirical and modeled estimates of ET (R2 = 0.79; p < 0.001; Fig. 3a). Yet during a one-400 
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week period in July modeled estimates of ET were 30 % higher than measurement ET, which 401 

also corresponded to the time period of high IC (Fig. 3d).  402 

Canopy transpiration (T) was the largest ET flux component, and during 88% of the 403 

study period it alone was higher than Q (Fig. 3b). Maximum daily values of T were reached 404 

during the latter half of July and during this time, the contribution of T to ET was 80%. 405 

During summer months (JJA) and the first half of September, daily T was on average 0.93 406 

mm d-1 but later substantially decreased to <0.2 mm d-1. Overall, modelled estimates of T 407 

were tightly correlated with T based on sap flow measurements (R2 = 0.89; p < 0.001), 408 

although the patterns of modelled and measured T diverged during one week in July (Fig. 409 

3b).  410 

Modeled estimates of intercepted P in the tree canopy together with understory 411 

evapotranspiration (IC + ETu) followed a similar pattern to the measured data, which here 412 

was computed as the difference between ET and T (Fig. 3c). Regardless of the approach used, 413 

IC + ETu had the highest variability throughout the study period (Fig. 3c) mainly because IC 414 

(Fig. 3d) is highly dependent on the frequency of rain events and the effect of other weather 415 

conditions like daily temperature and VPD.  416 

 417 
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 418 

Figure 3. Measured and modelled evapotranspiration ET (a) and its component fluxes: 419 

canopy transpiration, T (b), evaporation of intercepted P in the tree canopy and understory 420 

evapotranspiration, IC + ETu (c) and modeled canopy interception evaporation, IC (d) in a 421 

boreal forest catchment during the 2016 growing season. Colored shaded areas show 422 

simulation results for whole parameter space and gray shaded areas represent uncertainty in 423 

measurements. Small panels on the left side show correlation between daily modelled and 424 

measured values. Measured IC + ETu in panel (c) was determined as the difference between 425 

total ET and T.  426 

 427 
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 428 

Figure 4. Measured and modelled event-based evaporation of P in the tree canopy (IC) (a), 429 

relationship between precipitation and measured IC (b) and modelled IC (c). Cumulative plot 430 

of precipitation and IC based on the two different approaches (d). Error bars and shaded areas 431 

show simulation results for whole parameter space and uncertainty range in measurements. 432 

 433 

Comparison of measured and modeled event-based IC showed high correlation 434 

(R2=0.76; Fig. 4a). However, modelled IC values were slightly higher than measured for 435 

small rain events whereas the opposite was true for large rain events (Fig. 4a). Uncertainty of 436 

both measured and modelled IC increased with the amount of precipitation (Fig. 4b, c).  437 

 438 

3.2 Water balance and ET partitioning 439 

During the growing season, the C2 subcatchment received 226 mm of P and released only 28 440 

mm of water as a stream runoff. Based on EC measurements, ET represented 86 % of P 441 

during the study period (194  16 mm), which was similar to model estimated that showed 442 

Deleted: It is worth noting that precipitation used as reference for 443 
the throughfall measurements was from an open area close to the 444 
throughfall collectors, not from the ICOS station which P was used as 445 
model forcing. The difference in total precipitation from these two 446 
different sources was 7 mm, or 3 % over the entire study period (Fig. 447 
4d).448 
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ET represented 96 % of P (217  18 mm) during the study period (Fig. 5).  Regardless of the 449 

approach used, T was the largest ET flux component representing 44 % and 41 % of ET based 450 

on empirical measurements and model estimates, respectively.  IC represented roughly 34 % 451 

(measured) and 28 % (modeled) of ET. When combining T and IC, trees were responsible for 452 

78 % of ET when using empirical data and 69 % based on the model approach. The modeled 453 

ETu was slightly higher than that estimated as residual of measured water balance 454 

components (31 % vs. 22 % of ET, respectively).  455 

 456 

Figure 5. Partitioning of water fluxes based on empirical measurements (left side) and model 457 

simulation (right side) in a coniferous boreal catchment during the 2016 growing season 458 

(July-October). Values for each flux are presented as  mean absolute values (mm) with upper 459 

and lower boundaries shown in parenthesis. The percentages gives the relative contribution of 460 

ET components to total ET. 461 
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 477 

4. Discussion  478 

In this study, we used both empirical measurements and a process-based model to partition 479 

ET into its individual flux components, and assessed how these different fluxes varied during 480 

the course of a single growing season in a northern boreal catchment. Both the empirical 481 

results and model estimates highlighted the importance of ET during the growing season, 482 

with ET representing ca. 85 % of the incoming P during the study period. Moreover, the 483 

results demonstrated that canopy trees are the main driver of ET fluxes during the growing 484 

season, as canopy transpiration and evaporation of intercepted rainfall from the canopy 485 

jointly represented 69-78 % of ET depending on the approach used. Our findings clearly 486 

highlight the important role canopy trees play in the boreal hydrological cycle during the 487 

growing season, and stresses the need to better understand the effect of trees and their 488 

response to forest management practices and a changing climate.  489 

The strong seasonal variation in the relative importance of different water balance 490 

components in northern latitude catchments is well known, with stream runoff being the main 491 

water flux during snowmelt in spring. Within the Krycklan Catchment, roughly 40 % of 492 

annual stream runoff occurs as a response to snowmelt (Ågren et al., 2012), when trees are 493 

relatively inactive (Tor-Ngern et al., 2017). In this study, we found that ET becomes the 494 

dominant water flux after spring flood has ceased, and during the growing season it was 495 

seven times greater than stream runoff (Fig. 2c, 3a).  In our study, combining P with 496 

modelled estimates of ET and measured stream runoff results in a negative water balance (P 497 

< ET + Q) during the growing season. This is in agreement with other studies in boreal 498 

forests, which have found a negative water balance during the growing season (Wang et al., 499 

2017;Tor-ngern et al., 2018;Sarkkola et al., 2013). Such asynchrony in the relative 500 

importance of different water balance components might be even more pronounced in a 501 

Deleted: and Conclusion502 
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future climate when higher air temperatures and less frequent, albeit more intense, 509 

precipitation events can be expected (IPCC, 2018). One future scenario is earlier snow melt 510 

and less snow accumulation during winter as a result of higher air temperatures (Byun et al., 511 

2019), which would result in earlier peak stream runoff thereby reducing the annual amount 512 

of water available for tree growth during the growing season (Barnett et al., 2005). This, in 513 

turn, could have cascading effects on forest productivity (Barber et al., 2000;Silva et al., 514 

2010), tree mortality (Peng et al., 2011) and the overall carbon balance in boreal forests (Ma 515 

et al., 2012).  516 

Our results further highlight that T was the largest individual water flux during the 517 

growing season, representing ca. 40 % of incoming precipitation. Our cumulative T estimates 518 

during the study period (85-90 mm) were similar in magnitude to previous observations in 519 

other boreal forests (Grelle et al., 1997;Sarkkola et al., 2013). When compared to ET, T 520 

contributed ca. 45 % (Fig. 5), which is also consistent with earlier findings in boreal forest 521 

(Sarkkola et al., 2013;Wang et al., 2017;Ohta et al., 2001), yet lower than the global average 522 

of ca. 60 % (Wei et al., 2017;Schlesinger and Jasechko, 2014). However, it is known that the 523 

ratio of T/ET varies considerably among different ecosystems as well as within the same 524 

ecosystems (Evaristo et al., 2015;Wei et al., 2017;Peel et al., 2010). Such variation in T/ET 525 

may be the result of differences in study location and duration, its spatial scale, forests stand 526 

structure, climatic conditions as well as the method used (Schlesinger and Jasechko, 2014). It 527 

is important to point out that the two approaches (i.e., empirical measurements and 528 

modelling) gave similar estimates of T, both in terms of overall magnitude (Fig. 5) and 529 

seasonal dynamics (Fig. 3b), thereby giving us confidence in the important role canopy tree T 530 

plays in the boreal hydrological cycle.  531 

In general, cumulative IC was the second largest water flux during the study period 532 

(Fig 5). The importance of IC is not surprising, as IC has been shown to account for more than 533 
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30 % of seasonal P in a wide range of temperate and boreal coniferous forests (Barbier et al., 541 

2009). In a previous study at the Krycklan catchment, we found that evaporation of 542 

intercepted snow in the tree canopy represents ca. 30 % of winter (November – March) 543 

precipitation (Kozii et al., 2017). Thus, IC represents the largest ET component when 544 

expressed on an annual time scale as there is negligible T during the winter months (Tor-545 

Ngern et al., 2017). In our study, IC was calculated for each rain event and it is important to 546 

point out that the fraction of P lost via IC (i.e., IC/P) during a single rain event varies in 547 

response to the magnitude and intensity of P (Gash, 1979;Linhoss and Siegert, 2016;Rutter et 548 

al., 1971;Zeng et al., 2000). The highest IC/P are expected to occur during light rainfall events 549 

in a dry canopy, whereas IC/P decreases with increasing rain amount and intensity as well as 550 

when water storage capacity in the canopy is reduced by intercepted water from previous 551 

precipitation events.  Thus, projected changes in the amount and frequency of rainfall in 552 

northern latitude ecosystems (IPCC, 2014), could drastically alter IC and, in turn, strongly 553 

affect the amount of water available to plants, stream runoff and other downstream processes.  554 

Previous studies in boreal forests have shown that understory evapotranspiration 555 

(ETu) represented 10 – 50 % of ET (Constantin et al., 1999;Iida et al., 2009;Kelliher et al., 556 

1998;Suzuki et al., 2007;Launiainen et al., 2005;Launiainen, 2010), which is consistent with 557 

our finding in this study. Although ETu was in general less important than T and IC during the 558 

entire study period, it is worth pointing out that ETu was the largest ET flux component in 559 

late autumn. Using the APES model, we were able to further partition ETu into forest floor 560 

evaporation and understory transpiration. During the study period, model-predicted forest 561 

floor evaporation was 57 mm, representing 85 % of total ETu, suggesting that evaporation of 562 

water from the moss layer may play an important role in the boreal hydrological cycle, 563 

especially in late autumn (Bond-Lamberty et al., 2011;Suzuki et al., 2007). However, ETu 564 
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was the component flux that showed the greatest difference between the two approaches, 574 

which stress the need for additional studies to better quantify ETu and its partitioning.  575 

 576 

 577 

Figure 6. Modeled response of ET and its flux components to changes in stand LAI: (a) as 578 

cumulative water fluxes and (b) as fraction of ET during July-Oct 2016. In simulations, 579 

weather forcing and relative LAD profiles were kept constant and stand LAI varied from 1 to 580 

7 m2 m-2. The shaded ranges correspond to model parameter ranges (see Table S2 and S3). 581 

 582 

By combing T and IC, we are able to show that trees are directly responsible for ca. 75 583 

% of ET during the growing season. This finding is consistent with other studies in needle-584 

leaved evergreen forests in boreal and temperate regions that have shown T and IC together 585 

represent 55 to 83 % of ET (Gu et al., 2018). Taken together, there is increasing evidence 586 

highlighting the important role trees play in the boreal hydrological cycle. Consequently, 587 

forest management practices that alter forest stand structure could have large cascading 588 

effects on the way water moves through these landscapes (Greiser et al., 2018). For instance, 589 

thinning reduces basal area and LAI of the remaining stand, whereas nitrogen fertilization in 590 

boreal forests promotes greater aboveground carbon allocation leading to an increase in LAI 591 

(Lim et al., 2015) and can also positively affect leaf photosynthetic efficiency and 592 
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transpiration (Walker et al., 2014). To assess how forest management practices may affect ET 593 

as well as the relative importance of its component fluxes, we ran the APES model with 594 

canopy LAI values ranging from 1 to 7 m2 m-2. Over this LAI range, ET for the study period 595 

increased by ca. 50 mm (Fig. 6a). Fig. 6 also enabled us to identify thresholds in canopy LAI 596 

where the dominant ET component changes. For example, in sparse coniferous stands with 597 

LAI less than 3 m2m-2, understory evapotranspiration appears as the dominant ET component 598 

flux, whereas in forest stands with LAI greater than 3 m2 m-2 transpiration becomes the 599 

dominant component (Fig. 6b). Understanding how LAI influences ET and its components 600 

fluxes provides an opportunity to assess how different forest management practices may 601 

affect the movement of water in forested landscapes. This, in turn, could assist in the 602 

development of more sustainable management practices (Stenberg et al., 2018;Sarkkola et al., 603 

2013). 604 

 605 

5. Conclusions 606 

This study is unique in that it used empirical measurements and a process model 607 

approach to partition the water balance in a northern boreal catchment. In general, the two 608 

different approaches yielded similar results and showed that ET was the main water flux 609 

during the growing season; representing ca. 85% of incoming P. Moreover, our results 610 

highlight the important role trees play in the boreal hydrological cycle, as canopy T and 611 

evaporation of intercepted P from the tree canopy (IC) together represented ca. ca. 75 % of 612 

ET during the growing season. Thus, forest management practices that alter forest stand 613 

structure, such as commercial thinning, continuous cover forestry, and clear cutting, are likely 614 

to have large cascading effects on the way water moves through these forested landscapes. 615 

However, it is important to recognize that this study was limited to a single growing season. 616 

It is reasonable to assume that changes in climatic conditions could also alter the magnitude 617 

Deleted: combines 618 

Deleted: data 619 

Deleted: assess water balance of 620 

Deleted: Both our empirical measurements and model estimates 621 
clearly showed that canopy trees play a central role in the water cycle 622 
of northern boreal forests, representing 623 

Deleted: F624 

Deleted: therefore 625 

Deleted: Additionally626 



44 
 

and relative importance of different water balance components. Thus, further studies are 627 

needed to better understand how forest management practices and environmental conditions 628 

influence ET and its individual flux components in order to identify more sustainable forest 629 

management practices in a changing climate.  630 
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