
Author Response to Reviews 
We thank both reviewers for their considered reviews and constructive feedback.  In summary, 
the main changes that we have made to the paper in response to the reviewers’ comments are: 

i) An appendix containing a schematic diagram of the scaled flux water tracers has 
been added to help explain the method.  Also, additional text giving an explicit 
example of the results from a single grid point have also been added to aid 
interpretation of figures 5-7. 

ii) The ‘Conclusions’ section has been changed to ‘Conclusions and Outlook’ with an 
additional paragraph detailing possible future uses of the water tracers which 
includes suggestions from reviewer #2. 

iii) The discussion on the water tracer error in section 3.3 has been expanded to clarify 
the source of the error. 
 

Please find our responses to individual questions/comments below.  Text shown in bold 
indicates the new text that has been added to the manuscript. 

Reviewer #1 

• Line 181: I’m surprised that it takes so little memory.  How can you explain this? 

We are not aware of any other published results indicating the additional memory required 
for water tracers, so it is not possible to comment on how the UM compares with other 
GCMs.   The only memory diagnostic that was available for our UM simulations was the peak 
memory usage of the model run, so we are unable to do any further analysis on this.  The 
main conclusion is that adding water tracers doesn’t significantly impact the peak memory 
requirement of running the model. 

• Line 267: latitude -> longitude? 
 

Yes – now corrected. 
 

• Line 294: cite other studies that have documented this pattern using water tagging: [Koster 
et al., 1986; Yoshimura et al., 2004; Risi et al., 2013] 

We have added the reference to Yoshimura et al. (2004) noting this is a May to Oct mean 
field.   We have also added the reference to Koster et al. (1986) in relation to the comparison 
of results looking at the seasonal cycle of land sourced precipitation.  Figure 1 in Risi et al. 
(2013) shows the percentage of low level vapour originating from continental evaporation, 
rather than precipitation.  As they are not exactly the same field, we prefer not to cite Risi et 
al here. 

• Line 299: due to larger evapotranspiration in summer? 
 

Yes, added ‘This is due to evapotranspiration rates peaking during the summer months.’ 

• Line 366: how can you explain this 1% difference?  Especially given you make an adjustment 
at the end of each time step. 

 



The adjustment made at the end of each time step, ensures that the sum of the water 
tracers exactly equals the amount of water in each model grid box.  The 1% difference 
relates to tracking just the land evaporation.  As the water tracer land source amount is 0.8 x 
103 km3 yr-1 larger than the model’s total land evaporation diagnostic, it means this net 
amount of water has been added (incorrectly) to the land source tracers during their journey 
from source to sink (and removed from the other tracers).   Some inaccuracy is to be 
expected due to numerical errors associated with splitting the model’s water into seven 
tracers, but we would argue that this is relatively small error.   

We have added the following text to the manuscript: 

‘In summary, this means that an additional 0.8 x 103 km3 yr-1 of water has been 
(incorrectly) added to the land sourced water tracers during their journey from source to 
sink and is balanced by the same amount being removed from the other water tracers.  
Some inaccuracy is to be expected due to numerical errors associated with splitting the 
model’s water into seven individual tracers, but 1% is a relatively small error.  ‘ 

  

Reviewer #2 

 

• General comment: I do wonder how the model performs for individual cases or tracking the 
sources of for example extreme precipitation events? This could be included as a possible 
outlook for future analysis? 

We have followed your later suggestion of renaming the final section ‘Conclusions and Outlook’ 
and have added the following paragraph: 

‘There are further possible uses of the new water tracer development, other than those 
illustrated in this work. If the water tracer precipitation is output daily, then the scaled flux 
tracers can provide the mean source latitude and longitude of daily precipitation at each 
model grid point for each day in a model run.  For example, this could be used to investigate 
the variability of evaporative sources for precipitation in particular regions (Gao et al., 2024). 
Or this method could potentially be used to investigate sources of particular precipitation 
events in model simulations nudged to a reanalysis. The water tracers could also be 
configured to investigate the fate of evapotranspiration from the different types of land 
surface included in the land model component.  Fiorella et al. (2021) has also shown that 
water tracers can be set up to track mean condensation properties or mean properties along 
water pathways such as the residence time or distance travelled.’ 

 

• Last sentence abstract: this sentence is quite vague to me (especially when you haven’t 
read the full paper), can you be more specific? 

Sentence changed to: 

‘Finally, global model hydrological fluxes are derived from the water tracers to show the 
amount of precipitation sourced from the land and ocean separately, which illustrates the 
additional information that can be provided from the new development.’ 



 

• Line 43: There are also online models that embed numerical water tracers in regional 
models such as WRF-WVT (Insua-Costa & Miguez-Macho, 2018) 

This is very useful to know and we have also been recently pointed to another paper using water 
tracer in regional models.  We have added the following sentence to the introduction: 

‘Water tracers have also been included in high resolution regional models and used to 
investigate sources of specific precipitation events, such as work by Insua-Costa and 
Miguez-Macho (2018) and Winschall et al. (2014); the latter reference also includes a direct 
comparison with a Lagrangian method.  ‘ 

 

• Line 45: One disadvantage of online water tracers if I understand correctly is that for tracking 
specific events you do not get the sources on a spatial grid but only per prescribed region (as 
the prescribed region tracer says), I think this should be mentioned here. 

This is indeed true for prescribed region tracers and we have added a sentence on this:   

‘Traditional online water tracers that track evaporation from prescribed regions are also 
unable to provide detailed spatial information on individual source regions for specific 
events.’ 

However, the scaled-flux tracers can provide higher spatial information on the sources as 
discussed in the new paragraph in the Conclusions and Outlook.   

• Line 67: at --> and? 

‘look at’ has been removed from this sentence. 

 

• Line 146: quantify the timestep 

Added ‘(20 mins)’. 

 

• Line 150: the adjustment remains less than this level of 10^(-10) kg/kg at every.. 

Changed. 

 

• Line 162: what do you mean with ‘normal water tracer’? is that referring to prescribed water 
tracers? 

The ‘normal water tracer’ is a water tracer that follows all the water in the model, i.e. it should 
match the model’s prognostic water field.  It is defined in the first paragraph of section 2.1. 

 

• Line 190: indicate that the fields are functions 

Done 



 

• Line 200: So it is not possible to separate different land-use evapotranspiration sources? 
This might be a nice addition for future development 

The different land-use evapotranspiration sources are not tracked in this model experiment. 
However, it would be relatively easy to do this and we agree it would be an interesting future 
development. We have added a comment on this to the Conclusions and Outlook. 

 

• Prescribed regions; now chosen to distinguish ocean, land and ice, but this can be any 
region of interest? For example a country or river basin. I think it is important to make this 
clear in the paper that for further experiments this can be done. 

Yes, the prescribed regions could be set up to trace evaporation from any geographical area.  
But note, this is tracking the evaporation from these specified regions.  We have added, ‘In this 
experiment’ to the relevant sentence to stress that this is just how we set up this experiment.  
Further experiments are now suggested in the Conclusions and Outlook. 

 

• Line 223: it is unclear what a ‘group’ exactly entails 

Added: 

 ‘ The prescribed water tracers are in a group where the prescribed regions cover the entire 
globe, whereas each group of scaled flux tracers contain the three tracers detailed in Eq. (5).  
‘ 

 

• Line 225-227. Twice ratio in one sentence but I think for the second ‘ratio’ the ratio of water 
tracer to water specific humidity is meant, but this is not entirely clear 

Added ‘water tracer to water’ ratio to clarify the second ratio in the sentence. 

 

• Line 240: A three month spin-up seems very long for introducing water tracers, is this 
needed and can it be clarified/quantified? 

Yes, a one-month spin-up would probably be more than sufficient for the water tracers but 
longer is needed to ensure the atmosphere model itself has spun-up.  

 

• Figure 2: Interpretation would be easier if latitudes (and longitudes) are added to the maps. 

Latitude and longitude gridlines have been added for figures 2, 5, 6 and 7 to aid the 
interpretation of the scaled flux water tracer results. 

 



• Line 249: I would like some guidance (in text) on how to interpret this plot on latitudes as it is 
not so easy to understand, and also comes back later in the manuscript. What can we learn 
from the plot (besides the comparison between the different tracers) 

As this is a short technical test, we prefer to delay the interpretation of the scaled flux results 
until the results section.  We have therefore added: 

‘As this is a short technical test, the interpretation of the scaled flux results is discussed 
later in section 3.2.  Here, the focus is the differences between the two methods which are 
generally small….’ 

We do appreciate that the results are difficult to interpret and we have addressed this in 
response to comments regarding figure 5-7 below. 

 

• Line 269: numbers 6 and 7 --> should it be numbers 7 and 8? 

Yes. Now corrected. 

 

• Table 1: The results of water tracer number 21-23 are not shown in this manuscript right? 
Why include them in this table? And what is the (scientific) incentive to trace water given a 
wind speed limit? 

You are correct that they are not used in the manuscript.  However, they are in the dataset 
accompanying the paper so it is useful to list them here.  The incentive to investigate the wind 
speed is due the impact of wind speed on surface evaporation.  Gao et al (2024) present results 
from a similar tracer using the ECHAM model.  We have added the following text to the table: 

‘(Not discussed here but included in the accompanying dataset)’ 

 

• Line 284: i_wt 

Changed to iwt. 

 

• Line 285: This argument counteracts with a spin-up time of 3 months? 

As mentioned above, the spin up time used is to ensure the atmosphere model is spun-up. 

 

• Results: My suggestion would be to re-structure the results in order of sections; starting with 
section 3.2 as that is mostly model intercomparison and then figure 2 and figure 5 are more 
close together and can be connected more easily (as they show the same variable). Then 
afterwards the prescribed region tracers are evaluated in terms of general hydrological cycle 
characteristics. First discussing the percentages of precipitation source (now section 3.1) 
and then the hydrological cycle fluxes (now section 3.3). I think the section headers could 
also need some rethinking/rephrasing (the section header Prescribed region water tracers in 
the UM also works for section 3.3 for example). 



We appreciate this suggestion and we follow the logic of this re-arrangement.  However, we 
would prefer not to change the order of the results for the following reason.  Section 3.2 
discusses precipitation sourced from the ocean only.  We therefore think it is beneficial to the 
reader to see the results in section 3.1 beforehand, which show maps of precipitation 
separately sourced from the ocean and land.   We believe that this helps with the interpretation 
of the results in section 3.2. 

We have now stressed in the text relating to figure 2 that this is a short technical test of the water 
tracer methods and the interpretation of the scaled flux results (from a longer run) are 
discussed in section 3.2. 

We have renamed section 3.1 as ‘Distribution of precipitation sources in the UM obtained 
from the prescribed region water tracers’. 

 

• Figure 3: mention what the black lines in the plots represent 

Added ‘Black contour lines for 20, 40, 60 and 80% are shown.’  Also, to the caption for figure 4. 

 

• Line 293: add evapotranspiration to clarify à of the precipitation sourced directly from land 
evapotranspiration (Fig. …) 

Added. 

 

• Figure 5: same colorscheme as figure 2 as it shows the same variable? also extend the 
colorbar to minimum. 

Figure 2 has been changed to have the same colorscheme as figure 5. There are no values less 
than 60 °S, so the colorbar does not extend below the minimum labelled value. 

 

• Figure 5 and 6 (and Figure 2); the caption says annual mean precipitation but from the text 
(line 314-315) I understand this should be ocean-sourced precipitation which I found 
confusing. Also if it is ocean-sourced precipitation why are there results over the land and 
ocean, then I would only expect information over the ocean? I have difficulties 
interpreting/understanding these figures/analyses given the current description (I know the 
scaled-flux is described in the methodology but still it is not fully clear to me). 

 

We appreciate that the method and plots can be hard to interpret.  We have therefore added a 
new appendix with a schematic diagram to illustrate the scaled flux method in a highly 
simplified hydrological cycle.  This is intended to guide readers through the method as simply as 
possible.  The new appendix is shown at the end of this document.  Strictly the variables should 
have multiple indices (e.g. q(i,j,k,t)). However, this would make the diagram and caption very 
difficult to read.  So for this reason, the only index that we use is ij which refers to the 
evaporation source grid box.   

We have also added the following sentence after figures 5-7 have been introduced: 



‘(To aid interpretation of these figures, an example of the UM results is that the ocean-
sourced precipitation falling at the grid box centred on 54.4 °S, 68.4 °E (close to the southern 
tip of South America) originated from a mean source latitude and longitude of 43.2 °S and 
116.4 °E, with a mean source SST of 12.7 °C.) ‘  

We have changed the figure captions to ‘Mass-weighted mean of the evaporative source 
latitude (in degrees) of annual mean ocean-sourced precipitation’ to make this clearer.  
There are results over the land, as there is still ocean sourced precipitation falling over the land 
– as shown in the figure 3. 

 

• Line 321: source temperatures --> source sea surface temperatures 

Changed. 

• Line 322: what is meant with ‘lower heights’? 

Changed to ‘lower altitudes’. 

• Section 3.3: For me, the second Alinea on performance breaks the flow of this section and I 
would suggest to move the second Alinea to the end of the section and first compare the 
global hydrological cycle fluxes with the literature. 

Done. 

• Figure 5 - caption: 30-year simulation --> in the abstract a 35-year simulation was 
mentioned? 

The model was run for 35 years but only the last 30 years were included in the analysis in 
section 3, which matched the period analysed with the ECHAM model.   Caption changed to 
‘model simulation (1985-2014)’. 

• Section 3.3: Hydrological flux results can also be compared to Demory et al. (2014) 

This reference has been incorporated to the following sentence: 

This has been stated as a common model problem and a well-known issue for the UM 
(Williams et al., 2017; Walters et al., 2019), and is insensitive to model resolution (Demory 
et al., 2014).  

 

• Section 4: As this section also provides an outlook I suggest to change the name from 
Conclusions to Conclusions and Outlook 

Done.   

• Line 394: between the two models 

Done 

• Line 403: 22% is still quite substantial in my opinion and is not really aligned with the word 
‘only’ in front of the percentage 

Removed ‘only’ from sentence. 



New Appendix A 

 

Figure A1: Schematic diagram to illustrate the scaled flux water tracer method.  q, qcl, E, P are specific humidity, 

liquid or ice condensate, surface evaporative flux and precipitation respectively.  The water tracer equivalents are qwt, 

qclwt, Ewt and Pwt.  X(ij) is the source property that is being tracked (e.g. latitude, longitude, SST). The index ij indicates 

the surface grid box at the time of evaporation. The index ij used on other fields indicates they are evaporative fluxes 

or vapour amounts originating from ij.   f is the fraction of each source that contributes to the total specific humidity 

in a model grid box.  The numbers in circles indicate various steps in the cycle which are described in the main text. 

 

The scaled flux water tracer method is fully derived in Fiorella et al. (2021) where the tracers are 
named ‘Evaporative Source Property Tracers’.  Figure A1 is a schematic diagram to illustrate the 
method in a highly simplified hydrological cycle.  The steps in the figure are: 

1. The water tracer evaporation is set equal to the normal water evaporative flux scaled by 
the source property of interest, X(ij).  Surface evaporation then adds an amount of water 
vapour, q(ij), and the scaled water tracer equivalent, X(ij)q(ij), to the atmosphere.   

2. The water and passive water tracer are both impacted by the same advection and mixing.  
This means that over time, the specific humidity in a grid box has potentially several 
surface sources and the water tracer equivalent field provides the mass weighted sum of 
X(ij) over all sources. 

3. Condensation processes and the subsequent precipitation do not impact the ratio of 
water to water tracer.  The ratio is also unaffected by any re-evaporation of precipitation. 

4. Therefore, the mass weighted mean of X(ij) for the precipitation falling at a particular 
location can be extracted from the water tracer and water precipitation values. 

 

The hydrological cycle in the UM is obviously more complex than discussed here, with processes 
such as condensation happening repeatedly during a water parcel trajectory from source to sink.  
However, Fig. A1 still captures the water tracer behaviour during the key processes in the UM.  
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