Response to the referees

Dear editor and referees,

We sincerely appreciate the time and attention you have devoted to our manuscript. Your comments and suggestions were
very helpful in improving our manuscript. We have responded to all the referees’ comments regarding our manuscript titled
“Source apportionment of atmospheric water over East Asia — a source tracer study in CAM5.1”. Please find our responses

below:

Referee #1:
Summary:

This paper describes the implementation of a new Atmospheric Water Tracer (AWT) scheme in the NCAR
Community Atmosphere Model Version 5.1 (CAMS5.1). This new feature is then used to examine the sources of
precipitation and water vapor for the Yangtze River Valley, Southern China, and the South China Sea. It is found
that the North Atlantic, Northwest Pacific, and Northern Indian Ocean are the dominant moisture sources for the
three regions, along with evaporation from Asia itself. In particular, it is found that the Indian ocean-based moisture
sources tended to be largest in summer, during the monsoons, while the Pacific was the largest source during the rest

of the year.

Recommendation:

The application of atmospheric water tracers to the Southeast Asian region is certainly interesting, and can provide
new insights into the hydrological cycle and processes of this important region. However, there is potentially one
major flaw in the implementation of the water tracers in CAM5.1 that must be addressed before it is fully accepted,
as well as a few other concerns that are listed in the next few sections. Thus I am recommending major revisions for

this article. Once these issues have been dealt with, then I believe the paper will be ready for publication.



Major issues:

1. This is not an issue in terms of the science presented here, but it is important to note that water tracers already
exist in CAMS5, up through CAM53, and is at least partially described here:

http://onlinelibrary.wiley.com/doi/10.1002/2016MS000649/full

Thus although this does not take away from the science results presented here, it might be more beneficial if this
work was presented in a less model-development focused journal, as these particular developments have already been
done for this same model.

Reply: The atmospheric water tracers (AWTs) method implemented in CAMS5.1 in our manuscript is entirely developed by
ourselves. The AWTs method in our manuscript enables the CAM5 model to quantitatively trace the behaviour of
atmospheric water substances originating from their moisture source region. We believe that our method is a technical
improvement to the CAMS5.1 model and is of interest to the readership of the GMD journal.

The method used in Singh et al. (2016) provides a similar feature regarding the atmospheric water tagging problem, although
there may be some differences in the treatments of the relevant water tagging calculations (the details of the water tracer
method are partially described in their paper). We believe that the two methods improve the CAM5 model system. We are
also very pleased to communicate with Singh and other researchers through which we can further improve the water tracer

method.

2. If am understanding your description of the water tracer implementation correctly, then the way you are treating
the water tag tendencies from deep convection is sadly not valid, and will cause mass conservation issues which could
put into question the scientific results shown here. The reason is because the convective tendency is partly generated
by the transport of water vapor in the vertical, which may not have the same water tracer ratio as the level at which
you are calculating the tendency. Thus this change in the ratio will result in the implicit addition or removal of water
mass. For example, one component of the deep convective vapor tendency is:

aq,
ot

ad
= a Myq.,)

Using your formulation, the resulting tag equation would be:

k
Qv,ig

n k
k=1 qv,tg

0q% g aq, i}
ot  Foar ™ R(a(’"u"u)>' R=

Discretizing the vertical derivative results in something akin to:
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Which shows that the only way your formulation can work is if the water tag ratios were exactly the same for both

vertical levels on which the deep convection is being applied, which is almost certainly not true. Otherwise, the


http://onlinelibrary.wiley.com/doi/10.1002/2016MS000649/full

assumed ratio will be different than the actual water tag ratio, and thus result in a mass conservation error. The only

way to eliminate this problem is to have the water tracer tendency calculated in the exact same way as regular water,

e.g.:
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where the phase changes are calculated using the ratio method you described:
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If this is how you are actually doing it, then I would recommend just re-wording this section. However, if this is an
issue, then | must recommend you either modify your existing algorithms to fix this issue, or simply re-do your
experiments with the already existing water tracer implementation present in CAMS. Finally, | should note that the
reason this error may not be showing up in your supplemental error figures is because you are examining the sum of
all your water tags, and not the individual tags themselves (and thus allowing mass conservation errors of different
signs to cancel each other out).

Reply: Thank you for your suggestion. This is an important improvement to our study. In the revised manuscript, we have
modified the algorithms to fix this issue following your suggestion. Further, we performed our experiments again and we
have added new results in the revised manuscript. Though there are some changes in numerical results, the qualitative
conclusions remain unchanged.

Changes in manuscript: Please see Sect. 2.1 in the revised manuscript, which describe the tagged water vapour tendency in

the deep convection scheme. Please also see the new numerical results in abstract and Sects. 3.3—4 in the revised manuscript.

Minor issues:

1. On line 27, | would avoid stating that water vapour is the most important component of the atmosphere, as that is
probably just one’s opinion. Instead maybe say something like “water vapour is one of the most important
components of the atmosphere”.

Reply: Thank you for your suggestion. We have revised this sentence following your suggestion in the revised manuscript.

2. Itis unclear to me how you are calculating the water tracer vapor tendency produced by the shallow convection, as
most of the description focuses solely on the condensate. Could you add a sentence or two describing the shallow
convection’s water tracer vapor tendency? Also, if it is implemented in the same way as the deep convection, then the

major issue described above will also need to be dealt with for the shallow convection as well.



Reply: Thank you for your suggestion. The implementation of the shallow convection’s water tracer vapour tendency is
different from that of the deep convection. The mass mixing ratio (MMR) of the total water is assumed to be a conserved
quantity in non-precipitating moist adiabatic processes within the shallow convection scheme. This assumption is also
applied to the MMR of the tagged total water. Therefore, the tendency of tagged water vapour is computed as the difference
between the tendency of tagged total water and the tendencies of tagged condensates in non-precipitating processes within
the shallow convection scheme, similar to the calculation of the tendency of water vapour.

Changes in manuscript: We have added similar sentences to describe the shallow convection’s tagged water vapour tendency

in Sect. 2.2 in the revised manuscript.

3. In Section 2.7, it is stated that the sum of all tagged water tendencies should be equal to the tendency of the
standard water model substance. However, it is unclear what occurs if this rule is violated. In particular, if this
requirement is not met, what is done to the individual water tracers themselves in order to ensure that the summed
tendencies are brought back to the value of the standard water tendency?

Reply: (a) If the summed tendencies of the tagged water substances are not equal to the tendencies of the corresponding
original water substances in one physical parameterization, calculations of the tendencies of tagged water substances in other
parameterizations may be affected as there are interactions among various physical and dynamical processes in CAMb.1.
Clear differences between the summed MMRs of tagged water substances and the MMRs of original water substances may
occur as shown in Fig. S6. We have added several sentences in Sect. 2.7 in the revised manuscript to state what may occur if
the rule is violated.

(b) We have rewritten the description of the adjustment criteria, ensuring that the summed tendencies are returned to the
value of the standard water tendency. Equations (42) and (43) have also been added to express these adjustments. Please see

Sect. 2.7 in the revised manuscript, in which we have implemented these changes.

4. One line 537, I would replace “(colours, unit: 1)” with “(colours, unit: ratio of tagged precip over total precip)”, or
at least something that is more descriptive than just the number one. I would do the same for the “unit: 1” reference
in Figure 5 as well.

Reply: Thank you for your suggestion. We have replaced “(colours, unit: 1)” with “(colours, unit: ratio of tagged

precipitation over total precipitation)” in the captions of Figure 3 and Figure 5 in the revised manuscript.

5. 1 would describe what the vectors are in the caption of Figure 3 as is done in the main text.

Reply: Thank you for your suggestion. The vectors have been described in the caption of Figure 3 in the revised manuscript.



6. In Figure 5b, it is difficult to tell which pink contour corresponds to the “0.2” amount, as the label overlaps
multiple contour lines. If possible, can you shift the label over such that it is more clear which contour line it is
referring to? Possibly making the label smaller might also help in this situation as well.

Reply: Thank you for your suggestion. We have decreased the size of the label and increased the density of the label for the

pink contour in Figure 5 in the revised manuscript.

7. It might be good to include some sort of legend for Figures 6, 7, and 8 that re-states which water tag each color
corresponds to. This will help lessen the reader’s need to constantly go back to Figure 1 to determine what water tag
each color represents.

Reply: Thank you for your suggestion. We have added legends for Figures 6, 7, and 8 in the revised manuscript.

Grammatical issues:

1. Need to make sure that when you have list of three or more objects in a sentence, that commas are used like so: X, y,
and z Instead, you often times have: x, y and z This makes it seem that y and z are together as one idea, when in
reality they are separate. So, just make sure to have a comma before the “and” whenever a list is involved.

Reply: Thank you for your suggestion. We have checked our manuscript carefully and modified the sentences with the

aforementioned problem in the revised manuscript.

2. On lines 81 and 82, replace “isotope data not only reflect the water cycle” with “isotope data reflects more than just
the water cycle”. The reason being that “not only” is a conjunction I believe, and so the phrase would need a “,but” at
the end, as in “not only x, but also y”.

Reply: Thank you for your suggestion. We have replaced “isotope data not only reflect the water cycle” with “isotope data

reflects more than just the water cycle” in Sect. 1 in the revised manuscript.

3. On line 82, I would replace “and that sensitivity” with just “and sensitivity”.
Reply: Thank you for your suggestion. We have replaced “and that sensitivity” with just “and sensitivity” in the revised

manuscript.

4. On lines 97 and 99, replace “Neal” with “Neale”.

Reply: Thank you for your suggestion. We have replaced “Neal” with “Neale” in the revised manuscript.



5. On line 222, I would replace “sum MMRs” with “summed MMRs”.
Reply: Thank you for your suggestion. We have replaced “sum MMRs” with “summed MMRs” in Sect. 2.7 in the revised

manuscript.

6. On line 241, I would replace “compared with” with “compared to”.
Reply: Thank you for your suggestion. We have replaced “compared with” with “compared to” in Sect. 3.1 in the revised

manuscript.

7. On line 266, I would replace “over the North Africa” with just “over North Africa”.
Reply: Thank you for your suggestion. We have replaced “over the North Africa” with “over North Africa” in the second

paragraph of Sect. 3.2 in the revised manuscript.

8. On line 366, I would replace “NAO” with “North Atlantic Ocean”, as none of the other regional acronyms are used
in this particular sentence.
Reply: Thank you for your suggestion. We have replaced “NAO” with “North Atlantic Ocean” in the first paragraph of Sect.

4 in the revised manuscript.

9. On line 390, I would replace “over few regions” with “over a few regions”. It might also be beneficial to spell out
NAM instead of using the acronym here, although that is probably just personal preference.
Reply: Thank you for your suggestion. We have replaced “over few regions” with “over a few regions”. “NAM” has also

been replaced by “North America”. Please check them in the last paragraph of Sect. 4 in the revised manuscript.



Referee 2#:

This study uses CAMS5.1 to identify the sources of moisture contributing to the precipitation in East Asia. Both

approach and results are interesting. The manuscript may be accepted for publication in GMD after major revision.

Specific comments are listed below.

Major comments:

1. Diagnostics part:

1. It is clear how the simulation were conducted. The simulation were conducted from 1997-2007. It is said in line 284

that “...CAMS5.1 is driven by MERRA data ...”. Obviously, it was not an AMIP-type experiment. Please provide

clear discussion the simulation procedure and how the MERRA data were applied to drive CAMS5.1. Also what does

“offline version of CAMS.1” mean?

Reply: Thank you for your suggestion.

(@)

(b)

(©)

The basic simulation setup is identical to that in Lamarque et al. (2012). We have cited the work of Lamarque et al.
(2012) instead of restating it again. Please see the second paragraph in Sect. 2 in the revised manuscript: “The basic
simulations setup, including emissions and upper and lower boundary conditions, is identical to that of the specified
dynamics simulations of CAM5 in Lamarque et al. (2012). In this study, the wet removal scheme in Horowitz et al.
(2003) is adopted.”

The zonal and meridional wind components, air temperature, surface pressure, surface temperature, surface geopotential,
surface stress, and sensible and latent heat fluxes are read from the MERRA datasets to drive CAM5.1. All input fields
are linearly interpolated at timesteps between the reading times to prevent jumps. Subsequently, these fields are used to
drive the CAMb.1’s parameterizations to generate the necessary variables and calculate subgrid scale transport and the
hydrological cycle (Lamarque et al., 2012). We have provided these descriptions of how the MERRA data were applied
to drive CAMb.1. Please check it in Sect. 2.5 in the revised manuscript.

“Offline version of CAMS5.1” means that the CAM5.1 model is driven by external meteorological fields. In the revised
manuscript, we have replaced “precipitation simulated by the offline version of CAM5.1” with “precipitation in the

specified dynamics simulation of CAMS5.1” in Sect. 3.1 in the revised manuscript.

2. In addition to comparing the simulated precipitation with GPCC, a comparison of simulated water substances and

convective/stratiform precipitation with satellite observation could be useful and informative. Also, assessments on

other parts of water cycle, such as the evaporation, surface water storage, and their seasonal cycles (e.g. Numaguti



1999) should also be checked. The bias of model simulated large-scale circulation and their possible impacts on the

results should also be discussed.

Reply: Thank you for your suggestion.

(@ In the revised manuscript, we have added the comparison between the Atmospheric Infrared Sounder (AIRS) observed
and CAMS5.1 simulated water vapour for the years from 2003 to 2007. In general, the simulated water vapour is well
consistent with measured values. Please see Sect. 3.1 in the revised manuscript and Fig. S7 in the supplementary
information. In addition, the corresponding conclusion has also been added in Sect. 4 in the revised manuscript.

(b) We compared the cloud water content from AIRS and CAMS5.1 simulation results. Please see Fig. R1 below. Overall
the cloud water pattern and amount over oceans around Eurasia can be characterized by CAMS5.1, but there are some

shifts for the high cloud water centres (e.g. over Northwest Pacific) in the model.
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Figure R1. Comparison between (left) AIRS observed and (right) CAMS5.1 simulated cloud water content (unit: kg m?)
during (top) winter and (bottom) summer. All results are 5-year averages for 2003-2007. Grey areas indicate where required

data are not available.

(c) Figure R2 shows the comparison between the Microwave Limber Sounder (MLS) observed and simulated cloud ice
content at 215 hPa. There is significant lower bias in the simulated result. Waliser et al. (2009) pointed out that the
accurate simulation of cloud ice in global circulation models (GCMs) is still a challenge to model development.

Because the poor representation of cloud ice in the model, the source apportionment of cloud ice in CAMS5.1 cannot
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provide valid results. However, the total precipitation and water vapour can be reproduced well by CAMS5.1; therefore

results and discussions in this manuscript focused on the source apportionments of total precipitation and water vapour.
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Figure R2. Comparison between (left) MLS observed and (right) CAMS5.1 simulated cloud ice content (unit: mg m?®) at 215

hPa during (top) winter and (bottom) summer. All results are 3-year averages for 2005-2007. Grey areas indicate where

required data are not available.

(d) The comparisons of simulated convective/stratiform precipitation with the Tropical Rainfall Measuring Mission
(TRMM) precipitation radar data are shown in Fig. R3. Convective and stratiform precipitations have comparable
magnitudes in TRMM measurement, while the precipitation in CAM5.1 is mainly contributed by the convective
precipitation parameterization (Yang et al., 2013). The partition of convective and stratiform precipitations is one of the
major challenges in the current model physics (Arakawa, 2004). Dai (2006) also reported that most of the GCMs still
have problems in reproducing an accurate magnitude of stratiform precipitation compared to TRMM data. However,
because the CAM5.1 model can reproduce the total precipitation reasonably well, we focused on the result from the

source apportionment of total precipitation in this study.
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Figure R3. Comparison between (top) TRMM observed and (bottom) CAMS.1 simulated convective and stratiform

precipitations (unit: mm d™) during (leftmost two columns) winter and (rightmost two columns) summer for 1998—2007.

() We compared the evaporation flux in CAMS5.1 with data from the Objectively Analyzed Air-sea Fluxes (OAFIux)
Project, as shown in Fig. R4. Overall the evaporation in CAMS5.1 is in good agreement with that in OAFIux datasets. In
this study, CAMS.1 is driven by MERRA data, in which the latent heat flux is computed from the evaporation flux.
Meanwhile, the latent heat flux is used to calculate the surface evaporation in CAMS5.1. Therefore, the evaporation flux
in CAMS5.1 is very close to that in MERRA. Jiméez et al. (2011) and Bosilovich et al. (2011) provided a detailed
assessment on the evaporation in MERRA compared to other global estimates and observation. Thus, we cited the two
papers instead of re-assessing the evaporation flux again in our manuscript. In general, the evaporation of MERRA over
land is larger than the evaporation in other global estimates (Jiménez et al., 2011). Bosilovich et al. (2011) pointed out
that the evaporation in MERRA is lower compared to OAFlux, while other estimates generally overestimate
evaporation over oceans. In contrast, the MERRA evaporation is much closer to OAFlux data than other estimates.
These biases in MERRA data may lead to the higher land contribution and lower oceanic contribution to precipitation
in the results from source apportionment in this study. In the revised manuscript, we have mentioned the above

discussions in the last paragraph of Sect. 3.2.
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Figure R4. Distributions of the evaporation fluxes (unit: mg m? s™) in OAFlux datasets and CAM5.1 during winter and

summer for 1998-2007. Grey areas indicate where required data are not available.

®

Here, we compared the simulated terrestrial water storage with Gravity Recovery and Climate Experiment (GRACE)
observation, as shown in Fig. R5. We used the three latest land water solutions provided by GFZ, JPL, and CSR in the
GRACE data. To be consistent with GRACE observation, the baseline average over 2004 to 2009 are removed in
simulated results, as shown in Fig. R5a. The overall seasonal cycle of total water storage can be characterized by the
model, but the amplitude in model is significantly larger than that in observations. Note that the evaporation in MERRA
is used to drive the CAMS5.1 model. Thus, there is no virtual moisture transmit from the Earth’s surface into the

atmosphere in the specified dynamics simulation of CAMS5.1.

11



200 2 1 a [ 2 1 2 [ 2 '] 2 [
160 - L
1 (a -
— 120 (a) -
£ ) -
E 23 . i
> 40- == . L
© 04 A A A a0 e U L
§ 40l LU
c P C
< -804 —fl— Model —@—GRACE-CSR}
-120 = —db— GRACE-JPL -

— -160 v 1 v T ¥ T ¥ T v ) v T

E 4800 2 [ ] P [ ] 2 [ ] P [ ] a [ a [
o 47504 (D) L
g 4700- D\ -
5 4650 = - L
» 4600 L
& 4550 L
S 4500 < \D L
— 4450 4 0 _ N
4400 O[] =0=Simulated TWS R
9 4350 - N

4 0 2 4 6 8 10 12

month

Figure R5. (a) The evolution of GRACE-derived anomaly in terrestrial water storage and that in simulated terrestrial water
storage relative to the average for 2003—2009 over the land areas within 10°N-40°N and 60°E-120<E. (b) The evolution

of simulated terrestrial water storage.

(9) In the revised manuscript, we have added a discussion on the assessment of the simulated horizontal wind fields. In
general, the horizontal wind fields in CAM5.1 are in agreement with those from National Centers for Environmental
Prediction (NCEP). Please see Sect. 3.1 in the revised manuscript and Fig. S7 in the supplementary information. A

corresponding conclusion has been added in Sect. 4 in the revised manuscript.

3. In the simulation, WNP contribution in terms of percentage to YRV precipitation was the largest in cool season.
This is not obvious when looking at long-term mean water moisture flux shown in Figure 3. The contribution is likely
associated with the synoptic disturbances that could bring moisture from south. The authors may need to provide
their views somewhere in the text. Moisture transport is likely contributed by a large portion by synoptic
disturbances. But the manuscript tends to discuss the related dynamics based only on long-term mean water vapor
flux.

Reply: Thank you for your suggestion. In the revised manuscript, we divided the meridional and zonal water vapour flux into

stationary and transient terms. Please see supplementary Figs. S8-S9. Figure S8c shows that the transient component of the

12



meridional flux brings some of the moisture from south over most of the NWP and the north of the SCS. Figure S9c¢ shows
that the transient component of the zonal flux leads to westwards water vapour transport over 20=30°N for the NWP. Both
the transient components indicated that the synoptic disturbances could bring moisture originating from the NWP to the

southern and eastern coastal regions of Asia during winter. We have added this view in Sect. 3.3 in the revised manuscript.

4. Contribution from each region is difficult to distinguish in the bar charts shown in Figure 6-8. Could authors re-
plot bar charts by stacking all regions according to their region number (e.g., 1 to 25 from bottom to top) and present
a schematic showing the stacking scheme?

Reply: Thank you for your suggestion. For Figs. 6-8, all bar charts are plotted by stacking all regions according to their
region number (1 to 25 from bottom to top). We have also added legends to show the stacking scheme in the revised

manuscript.

Il. Tagged AWTS

1. The approaches for adding tagged water vapor and qc and gi within individual physical parameterizations need
more detailed description in section 2, especially for the macrophysics and microphysics schemes. For example in
macrophysics, 1 does not quite understand how the tagging of those microphysical, advection, and convective
tendency from other processes in solving Park’s matrix in the macrophysics was done. Similarly, details for those
complicated microphysical processes were not discussed. Also, snow and rain (important sink of tagged water) were
diagnostically determined in the microphysics of CAMS5.1 version. Snow and rain are important sinks of tagged water.

However, no discussion on these two hydrometeors was provided.

Reply: Thank you for your suggestion.

(@ We have added more detailed descriptions on the tagged AWTs method in Sect. 2 in the revised manuscript.

(b) In the cloud macrophysics, Park et al. (2014) defined the grid-mean net condensation rate of water vapour into liquid
stratus condensate @, as the time change of g, , minus the external forcing (all processes except stratus macrophysics,
including stratus microphysics, moisture turbulence, advection, and convection) of cloud droplets F;:

Q1= Gra— F = Apseluse + aquscAise — Fi (R1)
where gy 4, Gy s, and Al,st are the time tendency of g, ,, q; ., and 4, s during At = 1800 s, respectively. In CAM5.1,
a = 0.1 is the ratio of newly formed or dissipated stratus to the preexisting q; . Similarly, the tagged grid-mean net

condensation rate Q, is calculated as:

_k
~ - = . A L - q )
Qllftg = qllfa,tg - Fl,ftg = A{fst,tgql,st + aql,st(RAl,st + Al,stR) - Fll,(tg' and R = Z?]’(L_: ;ictg (RZ)
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(©)

(d)

Here, R is the tendency of R during At, and F{ftg is the changes of tagged cloud droplets in processes such as
microphysics, moisture turbulence, advection, and deep and shallow convections. We have added these sentences in the
last paragraph of Sect. 2.3 in the revised manuscript.

We have added descriptions on the calculations of tagged water substances in the microphysical processes. Please see
Sect. 2.4.1-2.4.7 in the revised manuscript.

We have added some descriptions on the calculations of tagged snow and tagged rain in the microphysical processes.

Please see Sect. 2.4.8 in the revised manuscript.

2. How were the detrained qc and qi from deep and shallow convection schemes tagged and put into macrophysics?

Reply: Thank you for your question.

(@)

(b)

(©)

In the deep convection scheme, only the detrainment of cloud water is taken into consideration. Equation (6c) of Zhang
and McFarlane (1995) is used to calculate the MMR of cloud water g, in the updraft. Finally, the detrainment of cloud
water is calculated as the product of g; and the detrainment rate. Similarly, the MMR of tagged cloud water q,’ftg is
calculated in the similar equation as the Eq. (6¢) of Zhang and McFarlane (1995), but q,’ftg IS substituted for g;. The
detrainment of tagged cloud water is calculated as the product of q{ftg and the detrainment rate as well. We have stated
that the calculation of the detrainment of tagged cloud water is identical to the detrainment of cloud water, but q,’ftg is

substituted for q;. A similar sentence has been added in Sect. 2.1 in the revised manuscript.

In the shallow scheme, because the detrainment of cloud water and ice (D (q;) and D(q;)) is assumed to be proportional
to the total water detrainment and the detrained air is assumed to be a representative of cumulus updraft (Park and
Bretherton, 2009), we use the ratio of tagged total water in the updraft le,u,tg and the corresponding sum to distribute
the detrainment of tagged cloud water and ice (D(g/,) and D(g/:,)). We have explained this in Sect. 2.2 in the
revised manuscript. The corresponding calculation of q{fu,tg has also been added in Sect. 2.2 in the revised manuscript.
In the macrophysics, the detrainments of cumulus condensates were added to g; and g;, and then to compute the final
equilibrium state in-stratus. Similarly, the tendencies of detrained cumulus condensates were also added, and Egs. (13)-

(19) in the revised manuscript are used to partition the equilibrium state of tagged water in-stratus.

3. How was the adjustment exactly done when the sum of tendencies of all tagged water substances was not equal to

the tendency of the corresponding original substance? How big the adjustment can be? Would the results be quite

different if no adjustment were done?

Reply: Thank you for your suggestion.

(@)

We have rewritten the description of the adjustment. Equations (42) and (43) have also been added to express the

adjustment in the revised manuscript. Please see Sect. 2.7 in the revised manuscript.
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(b)

(©)

Water vapour content [kg m'z]

The adjustment was used to ensure that the summed MMRs of the tagged water is brought back to the value of the
standard water. We have evaluated the differences between the results with adjustment and which without adjustment.
The adjustment can cause the change of 4.0-4.8 g m™ for summed tagged water vapour (accounts for 0.02-0.026% of
the MMR of water vapour), the change of 0.075-0.11 g m™ for summed tagged cloud water (accounts for 0.14—0.19%
of the MMR of cloud water), and the change of 0.15-0.57 g m™ for summed tagged cloud ice (accounts for 2.8-7.7% of
the MMR of cloud ice) at the global scale.

If no adjustment was made, the results generally have no significant difference. As shown in Figs. R6-R8, for most of
source regions, their water tracers in the calculation with the adjustment are very close to the results from the
calculation without the adjustment at the global scale. For source regions such as ANC, IND, and NEA, there are
differences in their contributions to water substances between the results with adjustment and which without adjustment.
However, contributions from these source regions to water substances are generally small at the global scale. The

adjustment has tiny effect on the result to determine the dominant source regions of atmospheric water substances.
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Figure R6. Comparisons between the tagged water vapour contents (unit: kg m™) in which the adjustment is applied (black)
and the corresponding results with no adjustment (red) for February 1997 to January 1998. Figs. R6(a)-R6(x) correspond to
the tagged water vapour originating from the source regions 1-25 defined in Fig. 1, respectively. All results are global

average values.
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Figure R7. Same as Fig. R6, but for the tagged cloud droplets contents (unit: g m™).
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Figure R8. Same as Fig. R6, but for tagged cloud ice contents (unit: 10 kg m™).

4. In CAMS5, evaporation of convective rainfall is assumed to be as Sunqvist (1988), which is proportional to the
square root of the total rainwater flux at each level. Therefore, the linear partitioning of evaporation based on
precipitation flux of tagged water (eg.2) does not seem to be consistent with the formulation used in the model.

aqk

Reply: The evaporation rate ( o )d at level m is associated with the deep convection precipitation flux (Q,,)qp at the
p_evap

top interface of this level (Sundqvist, 1998), expressed as

(6q5

)i vy = Ko (1 = RH) [ @n)ay (R3)

where RH,,, is the relative humidity at level m and the coefficient k, = 2 x 1076 (kg m? s*)2 s, The basic idea of the
AWT method is to separate the contribution from each source region to the content of atmospheric water substances in each

relevant physical process. If Eq. (R3) is used to compute the evaporation rate of tagged convection precipitation
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aqk . aqk L
(%) at level m, in most cases Y%_, (%) #k.(1—RH,,) ’Z;cl:l(Qrk;l,tg)d due to the nonlinearity of Eq.
dp_evap dp_evap p

(R3). However, Eq. (R3) is equivalent to

(6q5

) (@m)dp
ot dp_evap

,if (Qm)dp #0 (R4)
(Qm)dp

Thus, if Zﬁﬂ(erﬁl,tg)dp # 0, the summed evaporation rate of tagged precipitation must satisfy the below equation:

=k.(1 —RH,,)

Skea(om (Qhtg), +(QEg) , ++(QR
= ke(l - RHm) & — ke(l _ RHm) tg dp tg dp ( tg)dp

ot )dp_evap Z;clzl(QrI%.tg)dp Zz=1(Q‘r’§1,tg)dp

(R5)

k
n aqi;,tg
k=1

Because Eq. (R3) reflects that there is positive correlation between the evaporation rate and precipitation flux, we assume the

individual evaporation rate of tagged convection precipitation from source region k is expressed as:

o,
k.(1 —RH,,) (Ghio)y ’
) — 2:1( &vtg)dp

dp_evap | 0, if Z;(l=1 ergzt =0,
| e

if Z’l\},=1(Q7’fn,tg)dp # 0,

(% (R6)

at

In addition, the evaporation rate of convection precipitation is very small compared to the tendency of water vapour in
convection process, as reported by Neale et al. (2012). Equation (R6) is sufficient to partition the evaporation rate of each
tagged convection precipitation.

Changes in manuscript: The corresponding descriptions have been added in Sect. 2.1 for deep convection and in Sect. 2.2 for

shallow convection.

5. Some of the formulation of tagged water substance in the macrophysics are confusing, especially for the cloud
fraction. How can the stratus cloud fraction be composed proportionally of each tagged condensates without mixing?

Reply: The separate liquid stratus fraction a; s is a unique function of grid-mean relative humidity over water, @i; = g,/ qsw,
where g, is the grid-mean water vapour specific humidity and g, is the grid-mean saturation specific humidity over water,

which is shown in Eq. (3) of Park et al. (2014):

{ 1, if ﬁlzﬁl,
2
3

PO 2
1 3 (ur—ug)\|_ s =1l
4'COS[3{arCCOS[Tﬁ(ﬁl—ucl)] 211:}] , 1fuclsulss(5ul+ucl),

k 0, if Uisug,

el o —
1fg(5ul+ucl)sulsul,

Apst = (R7)

where in-cloud RH i, = 1. u is the critical RH that liquid stratus starts to form and serves as a tuning parameter in
CAM5.1, whose values depended on height and surface properties are presented in Park et al. (2014). Then the single-phase
(no separate liquid and ice phases) liquid stratus fraction is

Ape = (1= Acdayse (R8)

Here A, is the total cumulus fraction.
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Equation (R7) is a complicated nonlinear function of %;, and it is difficult to separately extract the individual tagged liquid
stratus fraction. A4; s is a monotone increasing function of i;: the larger MMR of grid-mean tagged water vapour cj],{tg, the
more contribution to A; ¢, from the source region k. All the tagged water substances from the source region are assumed to
have the identical physical properties and be well-mixed. Thus, we simply allocate the tagged single-phase liquid stratus

fraction A{fst‘tg, which depends on the ratio of ;5 , and the corresponding sum and is expressed as:

L (R9)
Lsttg st

Tim1 g
The tagged grid-mean liquid stratus condensate f?z’fa,tg is calculated in the same way as the grid-mean liquid stratus

condensate 7 5, but Afs, ., is substituted for A, :

ql’fa,tg = A;(,st,tg X st (R10)
Here, q; < is the in-stratus liquid water content (LWC).

Similar to a, &, the separate ice stratus fraction a;  is a function of the grid-mean total ice RH over ice, ¥; = (g, + §;)/qs,.
where g; is the MMR of grid-mean ice and g ; is the grid-mean saturation specific humidity over ice, as shown in Eq. (4) of
Park et al. (2014):

Qys = (%)2 (R11)
where the in-cloud RH over ice @; = 1.1, and the critical RH that ice stratus begins to form ug = 0.80 in CAMb.1. Similar
to A4, s, the single-phase ice stratus fraction is calculated as

Ajse = (1 — Ac) st (R12)

As in the treatment of Ai‘,smg, the tagged ice stratus fraction Ai-fst_tg is computed based on the ratio of grid-mean total tagged

ice specific humidity (q,’,ﬁtg + q{ftg) and the corresponding sum since the nonlinearity of the calculation in a; g, expressed as

~k —~k
((Iv,tg"'Qi,tg)

Ak —
i kK
Zﬁ:l(qv,tgwi,tg)

isttg —

Ajst (R13)

The tagged grid-mean ice stratus condensate C_Iz’fa,tg is calculated in the same way as the grid-mean ice stratus condensate g; ,:
qua,tg = Ai'(,st,tg X qist (R14)
Here, q; & is the in-stratus IWC. Using the same formula as for the calculation of the grid-mean ambient water vapour
specific humidity, the tagged grid-mean ambient water vapour specific humidity C_Iff,a,tg is computed as follows:

C_Ig,a,tg = qg,tg + q{ftg + L_Ii,ftg - L_Il’fa,tg - (7i’fa,tg (R15)
Though the tagged cloud fractions were assumed to be composed proportionally of each tagged water vapour specific
humidity and the grid-mean total tagged ice specific humidity, the summed tendencies of tagged water substances are very
close to the corresponding tendencies of original water substances in most of grid points in cloud processes when the
adjustment in Sect. 2.7 is not applied (see Fig. S3). Figure S6 also shows that the summed MMRs of tagged water substances

are approximated to the MMRs of original water substances in most of grid points. In addition, our results on the
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contributions of evaporations from land, the North Atlantic Ocean, extended north Indian Ocean, and extended Northwest
Pacific to precipitation over Eurasia are close to the results of Numaguti (1999). In the future, we will find a more exact way
to partition the tagged cloud fraction.

Changes in manuscript: The corresponding descriptions of tagged water substance in the macrophysics have been added in

Sect. 2.3 in the revised manuscript.

Minor comments:

1. It is "Neale et al." rather than ""Neal et al." in the text (line 99).

Reply: Thank you for your suggestion. We have modified this citation in the revised manuscript.

2. Itis "Gettelman™ rather than ""Gettleman™ in the text (line 189, 190, 196).
Reply: Thank you for your suggestion. We have modified these citations in the revised manuscript.

3. It is not clear what Figure S7-S10 exactly show. To where and what the vapour tracers supplied from 25 source
regions contribute?

Reply: Thank you for your suggestion. We have rewritten the captions of these figures (Figs. S10-S13) in the supplement of
the revised manuscript. Figures S10 and S11 show the contribution of tagged water vapour tracer from each moisture source
region defined in Fig. 1 to water vapour content over Eurasia and its surrounding areas in winter and summer, respectively.
Figures S12 and S13 show the contribution of tagged precipitation from each moisture source region defined in Fig. 1 to
precipitation over Eurasia and its surrounding areas in winter and summer, respectively.

Changes in manuscript: Please see Lines 48-50, Lines 52-54, Lines 56-57, and Lines 59-60 in the supplement of the revised

manuscript.

Relevant references added in this response:

Arakawa, A.: The cumulus parameterization problem: Past, present, and future, J. Climate, 17(13), 2493-2525,
d0i:10.1175/1520-0442(2004)017<2493:RATCPP>2.0.C0O;2, 2004.

Dai, A.:. Precipitation characteristics in eighteen coupled climate models, J. Climate, 19(18), 4605-4630,
doi:10.1175/JCL13884.1., 2006.

Waliser, D. E., Li, J. L. F., Woods, C. P., Austin, R. T., Bacmeister, J., Chern, J., Genio, A. D., Jiang, J. H., Kuang, Z., Meng,
H., Minnis, P., Platnick, S., Rossow, W. B., Stephens, G. L., Sun-Mack, S., Tao, W.-K., Tompkins, A. M., Vane, D. G.,
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Abstract

The atmospheric water tracer (AWT) method is implemented in the Community Atmosphere Model version 5.1 (CAM5.1)
to quantitatively identify the contributions of various source regions to precipitation and water vapour over East Asia.
Compared to other source apportionment methods, the AWT method was developed based on detailed physical
parameterizations, and can therefore trace the behaviour of atmospheric water substances directly and exactly. According to
the simulation, the north Indian Ocean (NIO) is the dominant oceanic moisture source region for precipitation over the
Yangtze River Valley (YRV) and South China (SCN) in summer, while the Northwest Pacific (NWP) dominates during
other seasons. Evaporation over the South China Sea (SCS) is responsible for only 2.87-4.23.7% of summer precipitation
over the YRV and SCN. In addition, the Indo-China Peninsula is an important terrestrial moisture source region (annual
contribution of ~10%). The overall relative contribution of each source region to the water vapour amount is similar to the
corresponding contribution to precipitation over the YRV and SCN. A case study for the SCS shows that only a small part
(<5.85%) of water vapour originates from local evaporation, while much more water vapour is supplied by the NWP and
NIO. In addition, because evaporation from the SCS represents only a small contribution to the water vapour over the YRV

and SCN in summer, the SCS mainly acts as a water vapour transport pathway where moisture from the NIO and NWP meet.

Keywords

Atmospheric water tracer method; Community Atmosphere Model; source apportionment; precipitation and water vapour
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1 Introduction

Water vapour is one of the most important components of the atmosphere, affecting global climate and weather patterns

(Held and Soden, 2000). Among current studies of the hydrological cycle, the identification of moisture sources to the
atmosphere is an important topic, because a better understanding of these sources will benefit long-term forecasting, disaster

prevention, and allocation of water resources (Bosilovich and Schubert, 2002).

Source apportionment methods have been developed to identify atmospheric moisture source regions. These methods
generally can be divided into three types, namely analytical models, isotopes, and numerical (Lagrangian and Eulerian)
atmospheric water tracers (AWTS) (Gimeno et al., 2012). In addition, sensitivity experiments in numerical simulations such
as shutting down water vapour flux at the lateral boundaries or surface evaporation (Chow et al., 2008) are an approach to
study the contributions of moisture from diverse regions. Analytical models, widely used in earlier studies (Brubaker et al.,
1993; Burde and Zangvil, 2001; Eltahir and Bras, 1996; Savenije, 1995; Trenberth, 1999), are generally based on various
simplifying assumptions such as a well-mixed atmosphere. The stable isotopes of water, HDO and H,™®0, can be used to
investigate the water cycle. However, water isotope data reflect a series of processes that occur simultaneously, which makes
it difficult to interpret isotope results for the water cycle (Numaguti, 1999; Sodemann and Zubler, 2010). The Lagrangian
method has become a popular way to analyse the transport of moisture and moisture sources of precipitation (Dirmeyer and
Brubaker, 1999; Gustafsson et al., 2010; Sodemann et al., 2008; Stohl and James, 2004; Stohl et al., 2008). However,
Gimeno et al. (2012) pointed out that the treatments of water vapour transport and changes of atmospheric water vapour in
the Lagrangian method are not based on detailed physical equations. Sodemann and Zubler (2010) pointed out that a strong
bias exists in Lagrangian precipitation estimates, because all cloud processes are neglected. Sensitivity experiments generally
contain nonlinearities, which may lead to changes in the dynamic and thermodynamic structures of meteorological fields,
suggesting that their results cannot be used to directly diagnose moisture sources. In contrast, the Eulerian AWT method has
been developed based on detailed physical parameterizations in atmospheric models, enabling a direct and exact tracking of

the behaviour of atmospheric water substances (Numaguti, 1999; Bosilovich, 2002).
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The Eulerian AWT method was firstly developed by Joussaume et al. (1986) and Koster et al. (1986) for global circulation
models (GCMs). Later, this AWT method was applied to diagnose regional water sources in GCMs. For example, Numaguti
(1999) identified the moisture sources of Eurasian precipitation, and Bosilovich and Schubert (2002) diagnosed the moisture
sources of precipitation over North America and India. Bosilovich et al. (2003) studied water sources of the large-scale
North American monsoon, Bosilovich (2002) investigated the vertical distribution of water vapour tracers over North
America, and Sodemann et al. (2009) used this method to study sources of water vapour leading to a flood event in Central
Europe using a mesoscale model. Finally, Knoche and Kunstmann (2013) incorporated the AWT method into a fifth-

generation mesoscale model to study the transport of atmospheric moisture in West Africa.

In summer, the Asian summer monsoon (ASM) brings large amounts of water vapour to the East Asian (EA) continent,
leading to a wet season and abundant precipitation. Simmonds et al. (1999) pointed out that the dominant moisture transport
pathways during summer can be divided into three branches, namely (i) southwesterly flow associated with the Indian
summer monsoon, (ii) southerly or southeasterly flow associated with the southeastern Asian monsoon, and (iii) the mid-
latitude Westerlies. Correspondingly, these pathways transport moisture from (i) the Bay of Bengal (BOB) and the Arabian
Sea (AS), (ii) the South China Sea (SCS) and the Northwest Pacific (NWP), and (iii) the mid-Ilatitude regions. Simmonds et
al. (1999) and Xu et al. (2008) pointed out that the BOB to SCS are the main source regions for rainfall over southeast China.
Using the Lagrangian Flexible Particle (FLEXPART) dispersion model (Stohl and James, 2004), Drumond et al. (2011)
discovered that the inland regions of China receive moisture mostly from western Asia, while the East China Sea (ECS) and
SCS are the main source regions for rainfall in China’s eastern and southeastern coastal areas and the AS and BOB are the
main source regions for southern and central China from April to September. With the FLEXPART model, Baker et al.
(2015) demonstrated that the Indian Ocean is the primary source of moisture for East Asian summer monsoon (EASM)
rainfall. Using the same model, Chen et al. (2013) suggested that the ECS, the SCS, the Indian peninsula and BOB, and the
AS were the four major moisture source regions for summer water vapour over the Yangtze River Valley (YRV) during

2004-2009. Chow et al. (2008) suggested that water vapour supplied by the Indian summer monsoon contributed about 50%
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to early summer precipitation over China in 1998, and inferred that the SCS may act as a pathway for water vapour transport
affected by the Indian and Southeast Asian summer monsoon. However, recently Wei et al. (2012), using a Lagrangian
model, showed that the major moisture transport pathways to the YRV are over land and not over the ocean. Therefore, the

dominant source regions of moisture for summer rainfall over EA are still uncertain.

Baker et al. (2015) pointed out that the water vapour transport mechanisms for precipitation over China during the ASM are
still unquantified. Previous studies have pointed out that analytical models need simplifying assumptions, isotope data net
only-reflects more than just the water cycle, the Lagrangian methods lack cloud processes, and that-sensitivity experiments
contain nonlinearities, limiting diagnostic studies of moisture sources. On the other hand, the Eulerian AWT method does
not have these shortcomings and is an accurate way to quantitatively determine water sources (Bosilovich, 2002). Therefore,
in this study, we aim at incorporating an Eulerian AWT approach into an advanced global atmosphere model — the
Community Atmosphere Model version 5.1 (CAM5.1) (Neale et al., 2012). Using this method, we address the following
questions: (1) What moisture source regions are most important for precipitation and water vapour amount over EA,
including the YRV and South China (SCN)? (2) What is the role of the SCS for precipitation and water vapour amount over

EA during the EASM: a dominant source region or just a pathway for water vapour transport from other source regions?

In this study, detailed descriptions of physical parameterization schemes and means of implementing the AWT mechanisms
in CAMG.1 are given in Sect. 2. Simulation results, including evaluation and discussion, are presented in Sect. 3. Finally,

summary and concluding remarks are presented in Sect. 4.

2 Model and methods

The CAMS5.1, released by the U.S. National Center for Atmospheric Research, is the atmospheric component of the
Community Earth System Model (CESM) (Neale et al., 2012). Compared to CAM4, CAM5.1 contains a range of

improvements in the representation of physical processes such as moist turbulence, shallow convection, stratiform
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microphysics, cloud macrophysics schemes, and others (Neale et al., 2012). The horizontal resolution used in this study is

1.9<in latitude and 2.5<in longitude. The vertical range is from the surface to approximately 4 hPa (= 40 km).

In this study, the chemistry mechanism of CAM5.1 is taken from MOZART-4 (Emmons et al., 2010), in which water vapour
is invariant, which means that it is unnecessary to consider changes in water vapour during chemical processes. The basic

simulations setup, including emissions and upper and lower boundary conditions, is identical to that of the specified

dynamics simulations of CAM5 in Lamarque et al. (2012). In this study, the wet removal scheme istakenfromin Horowitz

et al. (2003) is adopted. The temporal evolution of the mass mixing ratios (MMRs) of different water substances (water

vapour, cloud droplets, and ice) is determined by deep convection, shallow convection, cloud macrophysics, cloud
microphysics, advection, and vertical diffusion. To diagnose the dominant moisture source regions of atmospheric water
over EA, the global surface is divided into 25 source regions as shown in Fig. 1. Most regions are defined based on the
locations of continents and oceans. Due to the focus on moisture sources over EA in this study, EA and its adjacent regions
are further divided to provide more detail. Within source region k, the surface flux of the tagged water vapour tracer E¥ is
equal to the surface evaporation flux of water vapour E; otherwise E¥ = 0. As in the treatment described in Knoche and
Kunstmann (2013) and Bosilovich and Schubert (2002), water is “tagged” when it evaporates at its source region and is no
longer tagged when it precipitates from the atmosphere to the Earth’s surface via atmospheric processes. When previously
tagged precipitation reevaporates from the surface, it is regarded as newly tagged water (Knoche and Kunstmann, 2013),

which then belongs to the region from where it reevaporates.

The MMRs of water vapour, cloud droplets, and ice at a particular level are defined as q,, q;, and q;, respectively. The

corresponding MMRs of tagged water substances from source region k are q{f‘tg, q{ftgl and q}ftg. We assume that all the

tagged water substances from the source regions have the identical physical properties and are well-mixed. All these tagged

water substances are passive, which means that they are entirely separate from the original water substances in CAM5.1 and
have no impact on dynamical and thermal fields. Numaguti (1999) suggested that the lifetime of atmospheric water vapour is

about 10 days. In this study, the simulation is started in 01 January 1997, and the initial MMRs of tagged substances are set

27



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

to zero. To attain stable initial concentrations of tagged water substances, the simulation experiment takes a year to spin up.
We then investigate the ten-year averaged results for 1998 to 2007. -In the following, we describe the treatment of tagged

AWTs in CAMb.1’s physical parameterizations.

2.1 Deep convection

In CAMS.1, deep convection is parameterized using the approach described in Zhang and McFarlane (1995), but with

modifications following Richter and Rasch (2008) and Raymond and Blyth (1986, 1992). For the temporal evolution of q,’,‘,tgl

it is calculated in the same way as that of g,,, but the relevant variables of tagged water vapour are substituted for the

corresponding variables of original water vapour $a-the

45cg k Kk _10 k K K
( at dp = €tg — Ctg — ;Z(Mu,dpqv,u,tg + Md,dpqv,d,tg - Mc,deIv,tg) 1)

where M, 4,_is the net vertical mass flux, M, q,_is the upward mass flux, and M, 4, is the downward mass flux in the deep

convection. e]fg and c{‘g are the large-scale mean evaporation and condensation rates of tagged water vapour, respectively.

Here, g}, +.and CIff,a,tg are the MMR of tagged water vapour in the updraft and that in the downdraft, respectively. The ratio

between the MMR of tagged water vapour and the corresponding sum is used to calculate the condensation rate cf;:

& =( Iwig )C )

n k
Yk=19vtg

where c_is the condensation of original water vapour. In this study, n=25, which is the total number of defined source regions

(Fig. 1). In this scheme, the tagged cloud water in the updraft, the detrainment of tagged cloud water, rain production rate,

and the evaporation rate of tagged rain in the downdraft are calculated in the same waysmanner as that for the corresponding
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guantities for original water;. butHowever, the relevant variables of tagged water vapour are substituted for the

corresponding variables of original water vapour. Fhe-dDetailed formulas tefor-the- relevant guantities for original water in

the updraft and downdraft are describedpresented in the—Sect. 3 of Zhang and McFarlane (1995).the—assumed—ratio

considered in this parameterization.

at level m_is associated with the deep convection precipitation flux (@,,)qp_at the top

. aqk
The evaporation rate (ﬂ)
ot /dp_evap

interface of this level (Sundgvist, 1998), expressinged as

= k.(1 —RHy,) (Qm)dp (3)

(%)
ot dp_evap

where RH,, is the relative humidity at level m and the coefficient k, = 2 x 1076 (kg m? sH™ s, We assume tThe

individual evaporation rate of tagged convection precipitation from source region k is calculated as:

o,
k(1 — RH,,) ( ti)d”

= Pea(0fig),

ko' if ZE=1(Q7}§1,tg)dp =0

if Xi-1(Qmig),, # 0,
k 1( tg)dp (4)

k
aqv,tg
at

)dp_evap

In generally, the evaporation rate of convection precipitation is very small compared to the tendency of water vapour in the

deep convection (Neale et al., 2012).Beca

(aqf,f@\ __ “apzg (34w (2)
\ 3 Jopevap Zher@ipmg %/ dpevap 7

For the temporal evolution of ql’ftg and ql-"ftg in the deep convection parameterization, both are treated in the same

subroutine as q; and g;.
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2.2 Shallow convection

The shallow convection scheme in CAM5.1 is taken from Park and Bretherton (2009). LikeSimilar to the MMR of the total

water gq;, the MMR of the tagged total water q{ftg is also assumed to be a conserved quantity in non-precipitating moist

adiabatic processes. In this scheme, the diagnostic equations for the shallow convective mass flux M, ¢, and the MMR of the

updraft total water g, ,, (Bretherton et al., 2004) are expressed as:

OMy s

Th = Ey — Dy (5)
and

i} _ a

E (qt,uMu,sh) = Eter - Dter,u + (%) Mu,sh (6)

where E,,_is the entrainment rate, D,,_is the detrainment rate, and g, _is the MMR of the mean environmental total water. The

fractional entrainment and detrainment rates are denoted as € and &, then

Etr = gMu,shrDtr = 6Mu,sh (7)

Finally, attaining the updraft dilution equations:

OMy
Th = Mu,sh(g - 5) (8)
qru _ a

gtz' = E(Qt - qt,u) + % 9)

Similarly, the updraft dilution equation for the tagged total water is expressed as:

aq?’;u.fg _ —k k 0q§tg 10
PP s(qt,tg - qt,u,tg) + 9z (10)

TFhe-Eq-Equation (A5) of Bretherton et al. (2004) is used to calculate g, ,,, as well as qéfu_tg, in the shallow convection. In this

scheme, because the detrainment of cloud water and ice (D(q;) and D(gq;)) is assumed to be proportional to the total water
detrainment and the detrained air is assumed to be a representative of cumulus updraft (Park and Bretherton, 2009), we use

the ratio of tagged total water in the updraft Qf,u,tg and the corresponding sum to distribute the detrainment of tagged cloud

water and ice (D(qp,) and D(qf,)):

qku, qk,u,
Dlatiy) = () x D, D(aley) = () x DCgi) (w3

n k k
Yk=19tutyg =19tutg
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This ratio is also applied to the calculations of in-cumulus tagged condensates and the production rates of tagged rain/snow

by cumulus expulsion of condensates to the environment. Tagged condensate tendencies for compensating subsidence or

upwelling, the tagged condensate tendencies due to detrained cloud water and ice without precipitation contribution, and the

updraft/penetrative entrainment mass flux of tagged total water are calculated withusing the same equations asfor the original

water-related guantities in this scheme. LikeSimilar to the calculation of the tendency of water vapour, the tendency of

tagged water vapour is computed as the difference between the tendency of tagged total water and the tendencies of tagged

condensates in non-precipitating processes within the shallow convection scheme. Like-CAMS 1 s-deep-convection-scheme;

{The shallow convection scheme relates precipitation evaporation rate (%) to shallow convection precipitation flux
sh_evap

Qsn. Similar to the deep convection scheme of CAMS.1. Therefore, we use an assumed expression sueh-ashikesimilar to Eq.

(24) to calculate the tagged precipitation evaporation rate at a level m:

Qm, i
rg tg)sh , lf ZE:l(QﬁlIg)Sh * 0

eI ] 12
kO, if ZZ:l(ergl,tg)sh =0

(aqstg {(keu — RH,,)

ot )sh_evap

where (le'fg)sh is the tagged precipitation flux at the top interface of level m.

2.3 Cloud Macrophysics

Park et al. (2014) provided a detailed description of CAMS5.1’s cloud macrophysics, in which cloud fractions, horizontal and
vertical overlapping structures of clouds, and net condensation rates of water vapour into cloud droplets and ice are

computed. Because the tendencies of water substances caused by cumulus convection have been calculated in deep and
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shallow convection schemes, we focus on the treatment of the tagged stratus fraction and net condensation rates of tagged

water vapour in stratus clouds in this section.

The separate liquid stratus fraction 4q;  is a unique function of grid-mean relative humidity (RH) over water, 4; = §,,/qsw
=G5/ G Where g, gis the grid-mean water vapour specific humidity and g ,, 4= is the grid-mean saturation specific

humidity over water, which is shown in Eq. (3) of Park et al. (2014). Then the single-phase (no separate liquid and ice phases)

liquid stratus fraction is

Al,st =1- Acu)al,sf (13)

Here A, is the total cumulus fraction.

We allocate the tagged liquid stratus fraction A{fst_tg, which depends on the ratio of grid-mean tagged water vapour specific

humidity ﬁl'f,tgél% and the corresponding sum, expressed as:

~k *
Ak _ Avtg A drg 2
Lsttg — n -k Lston & ISt

k=19vtg Xr=rtvrg
(14)—5)

The tagged grid-mean liquid stratus condensate 7/, ,, is calculated in the same way as the grid-mean liquid stratus

condensate g; ,, but Aifst,tg is substituted for A; ;.

q;fa,tg = Ai(,st,tg X it (15)

Here, q; . is the in-stratus liquid water content (LWC) Fhis—ratie-is-also-used-in-the-computation-oftagged-in-stratusHauid

sk ;
and
&
qfa—&g = } ra 2]
sk -
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Heregqrgis-the-in-stratus-L\WC-and-gris-the-grid-mean-ambient-EWC: Similar to Aq, 4, the ice stratus fraction Aaq; g is a
function of the grid-mean total ice RH over ice, ; = (§, + §;)/Gs,; #r=-F+F)/ 6= Where g;& is the grid-mean ice
specific humidity and g, ;6= is the grid-mean saturation specific humidity over ice, as shown in Eq. (4) of Park et al. (2014).

Similar to 4; ., the single-phase ice stratus fraction is calculated as

Ai,st = (1 - Acu)ai,st (16)

LikeAs in the treatment of A ,,. the tagged ice stratus fraction Ai-‘_st_tg is computed based on the ratio of grid-mean total

tagged ice specific humidity (g5, + Ji.tg)-and the corresponding sum:

=k =k
,tg+ditg)
Kk =k
2?:1(%,@‘*({1‘1‘9)

A{'c,st,tg = [ Apst (17)

The tagged grid-mean ice stratus condensate ﬁi’fa,cg is calculated in the same way as the grid-mean ice stratus condensate g; ,:

qilfa,tg = Aﬁst,tg X Qist (18)

Here, g; s is the in-stratus ice water content ( IWC).IheFeiewfﬁw—mgged—iee%ams—#aeﬁenA%Qg—,mgged—Ma&B—iee

Heregris-the-in-stratus MWW C-and-gis-the-grid-mean-ambiert- WWGC- Using the same formula as for the calculation of the

grid-mean ambient water vapour specific humidity, the tagged grid-mean ambient water vapour specific humidity

iy 2.t %ag 1S COMputed as follows:

—k _ =k —k ~k ~k —k _k _ ok Kk Ik ,,
Qvatg = Qoeg T Qitg T Ditg — Qatg — QiatgGvats — Gots T teg T o — Hatg — Foats

(19%)
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In CAMS5.1, Park et al. (2014) defined the grid-mean net condensation rate of water vapour into liquid stratus condensate Q,

as the time change of g,, minus the external forcing (all processes except stratus macrophysics, including stratus

microphysics, moisture turbulence, advection, and convection) of cloud droplets F:

Qi =qpo — F = Apsedyse + aql,stAl,st —-F (20)

where §; 4, §; st and ALSt are the time tendency of g, 5, q; .. and A; 5 during At = 1800 s, respectively. In CAM5.1, a = 0.1

is the ratio of newly formed or dissipated stratus to the preexisting q; ... Similarly, the tagged grid-mean net condensation

rate Q,,_is calculated as:

_k
~ = - . H A > q ,t
Q{ftg = q{fa,tg - Flfctg = Aﬁst,tg‘ll,st + aql,st(RAl,st + Al,stR) - Fll,(tgr and R = n - —%c @

k=19v,tg

Here, R is the tendency of R during At, and Fl’ftg is the changes of tagged cloud droplets in processes such as microphysics,

moisture turbulence, advection, and deep and shallow convections.

2.4 Cloud Microphysics

The CAMS5.1 model uses the double-moment cloud microphysical scheme described in Morrison and Gettleman-Gettelman
(2008) and a modified treatment of ice supersaturation and ice nucleation from Gettleman-Gettelman et al. (2010). In
addition, CAM5.1’s stratus microphysics is formulated using a single-phase stratus fraction Ay, which is assumed as the
maximum overlap between A; . and A; ¢ (Park et al., 2014). In this study, the same assumption is applied to each tagged
single-phase stratus fraction A’;t‘tg . The microphysical processes in CAMS.1 include condensation/deposition,
evaporation/sublimation, autoconversion of cloud droplets and ice to form rain and snow, accretion of cloud droplets and ice
by rain or by snow, heterogeneous freezing, homogeneous freezing, melting, sedimentation, activation of cloud droplets, and
primary ice nucleation. Detailed formulations for these microphysical processes are described in Morrison and Gettleman

Gettelman (2008).
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2.4.1 Condensation/deposition and evaporation/sublimation of cloud water and ice

In CAM5.1, the net grid-mean evaporation/condensation rate of cloud water and ice (condensation minus evaporation) Q _is

calculated following Zhang et al. (2003). In this microphysics scheme, the total grid-scale condensation rates of tagged ice

and tagged cloud water, as well as the total grid-scale evaporation rates of tagged cloud water and tagged ice, are calculated

inusing the same formulas but the tagged variables are substituted for the corresponding original variables:

agk k
(2e2) = min A% g4, 4 g0 + 2] 0 > 0. @
3t ) ond ] ] At
and
agk aqk
( ‘;l,ttg> = max [A’S‘t‘th - (%) , 0] ,0>0 (23)
cond cond
and
aqlty k q{ctg
( : ) =maX(Asttg,—’—),Q<0_ (24)
o ) evap ) At

k Kk Kk
04 rg _ k g ditg
—= = max |4 Q- ,—
at sttg at At
evap evap

Q<0 (25)
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where A is the in-cloud deposition rate of water vapor onto cloud ice (see Eq. (21) of Morrison and Gettelman, 2008).

2.4.2 Conversion of cloud water to rain and conversion of cloud ice to snow

The grid-mean autoconversion and accretion rates of water cloud in CAMS5.1 are expressed in-the- Eqgs. (27) and (28) of

Morrison and Gettelman (2008). Both the two rates can be regard as a term multiply by Ag.. Therefore, the grid-mean

autoconversion and accretion rates of tagged water cloud can be calculated in the same formula but A% ., is substituted for

Agil
k k k
aql.tg _ Asttg @ _ aqr,tg 26
at T oA ot - at (26)
auto st auto auto
and
k k k
Mg _ Asttg 9q; _ rrg
Aty = _Stlg = g (27)
0t Jacer Ast N0t Jacer 0t Jacew

where g/, is the MMR of tagged stratiform rain.

Similarly, the grid-mean autoconversion rate of ice to form snow can be looked as a term multiply by A, (see Eq. (29) of

Morrison and Gettelman (2008)), as well as the accretion of ice followed Lin et al. (1983). Thus, the autoconversion and

accretion rates of tagged ice to form snow are expressed as

k k k

(6‘1i,tg> _ Asttg (%) __ <BQS,tg) (28)
9t/ auto Ast \ 0t Jauto 9t/ auto

and
k k k

(aql',tg) _ Asttg (%) _ _ (BQS,L‘Q) (29)
9 Jaces Ast \ 0t Jaccs 0t /acci

where q;ftg is the MMR of tagged stratiform snow.
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2.4.3 Other collection processes

The accretion of cloud water by snow (%) = —(
accs

94s

) is attained by the continuous collection equation, whose
ot Jacew

collection efficiency is a function of the Stokes number following Thompson et al. (2004). LikeSimilar to the calculation of

k
aql,L’g

(E) L(%) can be regarded as a term multiply by 4, s;. Thus, (
auto accs

o ot ) is computed #using the same equation but
accs

by multiplying bywith Af, ., instead of A, s:

(aq{ftg> _ A{‘,st,:g (@) _ <6q§,tg) (30)
9t /aces Aust \ 0t Jaccs 0t Jacew
The collection of rain by snow (aﬂ) = —(%) can also be regarded as a term multiplyied by Ag.. Therefore,
ot Jcoll ot J conl
aqftg . - . - . . k .
( or ) is computed inusing the same formula but by multiplying bywith Ay, ., instead of Ag:
coll

(5Q§tg) _ Alsct,tg (%) _ (aqgtg) (31)
9t /ol Ast \ 0t Jcoll 9t Jeon

2.4.4 Freezing of cloud water and rain

The heterogeneous freezing of cloud water and rain is considered in CAM5.1 (Reisner et al., 1998; Morrison et-al-and Pinto,

2005). The heterogeneous freezing of tagged cloud water is computed #using the same formula as that of original cloud

water, but by multiplying bywith A, ., instead of 4; :

k k
aql,tg _ Al,st,tg %
=== (32)
ot het Apst \ 0t Jpet

Similarly, the heterogeneous freezing of tagged rain is computed irusing the same formula as that of original rain, but by

multiplying bywith A% ,, instead of Ag:

aqu"c,tg Agt,tg 0qr
dirrg)  _ sttg (94r (33)
0t Jyet Ast at /et
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The homogeneous freezing of tagged cloud droplets and tagged rain are computed Husing the same equations as those of the

original cloud droplets and rain, but ql’ftg and S, 4 (the vertical integrated tagged rain source/sink term) are substituted for

the original guantities:

aql)
k — k k
9414 (af hom [ 9Lty 9ig (34)
at T at ) - " \Tae =
hom (E) hom
9qr
k = k
aqr,tg _ ( at )hom Sk — aQS,tg (35)
ot - S rtot,tg — ot
hom rtot hom

2.4.5 Melting of cloud ice and snow

Similar to the calculations of the homogeneous freezing of cloud water and rain, the melting of tagged ice and tagged snow

are computed #using the same equations as those of the original ice and snow, but q}ftg and Ss’fwt,tg (the vertical integrated

tagged snow source/sink term) are substituted for the original guantities:

k 2L Kk k

(i) () e (t) = — (2o )

= o =
ot melt (A_lt) At ot melt
9qs
k =i k
a‘Is,tg _ ( at )melt—)(—Sk _ aqhtg (37)
ot - S, s,tot,tg — ot
melt s,tot melt

2.4.6 Evaporation/sublimation of precipitation

For the calculations of the evaporation of tagged rain and the sublimation of tagged snow, both them are calculated inusing

the same formula as original quantities but A% ,, is substituted for Ag:

(6q§tg) _ Afirg (6&) (38)
9t/ evap Ast \ 0t Jevap

and
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(3q§_tg) _ 4y (%) (39)
ot evap Ast \ 0t Joyap

2.4.7 Sedimentation of cloud water and ice

k

. . . R . . a
The time tendencies ((%) and (%) ) of cloud water and ice for sedimentation, as well as those ((M) and
at / sed at / sed 0t /sed

k
(aqi,tg

o ) ) of tagged cloud water and tagged ice, are calculated with a simple forward differencing scheme in the vertical
sed

dimension (Morrison and Gettelman, 2008). In CAM5.1, the sedimentation of cloud water and ice can lead to evaporation or

sublimation when the cloud fraction at the level above is larger than the cloud fraction at the given level and the evaporation

or condensation rate is assumed to be proportional to the difference in cloud fraction between the levels. This assumption is

also applied to calculate the evaporation of tagged cloud water or sublimation of tagged ice, when the tagged cloud fraction

at the level above is larger than the tagged cloud fraction at the given level.

2.4.8 The diagnosis of precipitation

The grid-scale time tendency of the MMR of precipitation g, in CAMS.1’s microphysics is expressed as:

9ap _ 19(Vqpap)
ot 5 oz +5, (40)

where z is height, 1, is the mass-weighted terminal fall speeds (see Eq. (18) of Morrison and Gettelman (2008)), and S, _is

the grid-mean source/sink terms for g,,:

dq aq aq aq dq 0q 0q aq
50 = (50 e * 58 e+ (38 s+ (e + (o + (38 e (38 + (8 oy 42
a ot / quto 0t Jacew 0t Jacci 0t Jhet 0t /hom ot /melt 0t J evap ot Jcoll

For the diagnostic treatments of tagged rain and tagged snow, the g, in Egs. (40) and (41) is replaced by qﬁtg and qéﬁtgl

respectively.
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2.5 Advection

The finite volume dynamical core is chosen in this study due to its excellent properties for tracer transport (Rasch et al.,
2006). The CAMS5.1 model can be driven by offline meteorological fields (Lamarque et al., 2012) following the procedure
initially developed for the Model of Atmospheric Transport and Chemistry (MARCH) (Rasch et al., 1997). This procedure

allows for more accurate comparisons between measurements of atmospheric composition and CAM5.1°s output (Lamargue

et al., 2012). In this study, the external meteorological fields are obtained from Modern Era Retrospective-analysis for
Research and Applications (MERRA) datasets (Rienecker et al., 2011), whose horizontal resolution is identical to CAMS5.1°s

and time resolution is 6 h. In the simulation procedure, the zonal and meridional wind components, air temperature, surface

pressure, surface temperature, surface geopotential, surface stress, and sensible and latent heat fluxes are read from the

MERRA datasets to drive CAMb5.1 (Lamarque et al., 2012). To prevent jumps, all input fields are linearly interpolated at

timesteps between the reading times. And-lL ater, these fields are used to drive the CAM5.1’s parameterizations to generate

the necessary variables teand calculate subgrid scale transport and the hydrological cycle (Lamargue et al., 2012). Temporal

evolutions of q,’,‘,tg, Qz'ftg ,and qfftg in the advective process are treated in the same manner as other constituents without any

modification.

2.6 Vertical diffusion

CAMS.1’s moist turbulence scheme is taken from the scheme presented by Bretherton and Park (2009), which calculates the
vertical transport of heat, moisture, horizontal momentum, and tracers by symmetric turbulences. The vertical diffusion of

tagged water substances is treated by the procedure in the same way as other constituents without any modification.

2.7 Adjustment

Ideally, the differences between the MMRs of water substances and the summed MMRs of all corresponding tagged water
substances should be zero. However, there are exceptional differences in a few grid points (see supplementary Fig. S6). +a

40



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

the-supplement;Supplementary Figs. S1-S5 show comparisons between the tendencies of the original water substances and
the sum of the tendencies of the tagged water substances for the relevant physical processes described in Sects. 2.1 through
2.6. Although differences are small for most grid points, some abnormal values still appear randomly. For tagged water

vapour, evident biases mainly occur in deep convection, cloud processes (cloud macrophysics and microphysics), and

advection_in the tropics; for tagged cloud droplets, the apparent biases generally occur in cloud processes-in-the-tropics; for
tagged cloud ice, the main differences occur in cloud processes, advection, and vertical diffusion. Nonlinearities in the

calculations of the tendencies of water substances in the physical schemes cause these differences. A bias occurred in one

physical parameterization can affect the calculations of the tendencies of tagged water substances in other parameterizations,

since there are interactions among various physical and dynamical processes in CAMS5.1. Eventually, evidentlyclear

differences between the summed MMRs of tagged water substances and the MMRs of original water substances may occur,

as shown in Fig. S6. To reduce these accumulated biases in the relevant physical schemes, additional criteria are applied to

the relevant quantities of the tagged water substances:

(1) If the positive or negative sign of the tendency of a tagged water substance is identical to the sign of the tendency of the
original water substance, the absolute value of the tendency of the tagged water substance should not be larger than that
of the original water substance. If their signs are different, the tendency of the tagged water substance is set to zero._This

adjustment can be expressed as:

aqé{g 0q . aq?g Bq
X|—=,= if —=>0and — >
a(at’at’ at_Oadat_O
0Q£(g aqé{g aq aqu aq
—= = in[—2 —= if —4 < = (42)
o min (—=, -1, if o < 0and i)t<0
.. (9aF P) aqf P
kO, if (=2 <0and & >0) or (—¢>0and <0
at at at at

aqk . ..
where % and ‘;—Z represent the tendency of the tagged water substances and the tendency of the corresponding original

water substance in a given physical process, respectively.

(2) After the adjustment in Eq. (42) being applied, theFhe sum of the tendencies of all tagged water substances should be

equal to the tendency of the corresponding original water substance in each scheme. This adjustment can be described as

follows:
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(_ (oaf . aqf %
R (a—f’) if yn_, (a—?) #0, here R, = —2 v
aaly _ e %52)
1 (0aly o (4l _
kn(&t)' lf2k=1<3f>_0.

3. Results and discussion

3.1 Model assessment

Numaguti (1999) pointed out that the results of the tagged AWTs method suffer from the bias of the model used. Therefore,

we first estimate the precipitation skmulated-by-the-offine-versionin the specified dynamics simulation of CAMS5.1, which is

compared with—to the Global Precipitation Climatology Project (GPCP) version 2.2 combined precipitation data set
(Huffman and Bolvin, 2011), as shown in Fig. 2. In winter (December, January and February), high-precipitation zones are
located in the tropics of the Southern Hemisphere and in the mid-latitude areas of the NWP. Precipitation is generally less
than 3 mm d™ over most parts of Eurasia. In summer (June, July and August), there is heavy precipitation over the southern
and southeastern parts of Eurasia and over central Africa. Although CAMS5.1 generally shows a bias towards relatively high
precipitation in the tropics of the summer hemisphere, the precipitation pattern and amount over Eurasia and its adjacent

areas is captured well by CAMb5.1._In addition, the water vapour data from the Atmospheric Infrared Sounder (AIRS) and

wind fields data from National Centers for Environmental Prediction (NCEP) are-alse- used to assess the CAM5.1°s results,

as shown in Fig. S7. Overall, the water vapour and horizontal wind fields can be well simulated by CAM5.1.

3.2 Terrestrial and oceanic contributions to precipitation over Eurasia

Figure 3 shows the spatial distribution of the relative contribution of evaporation from all land source regions to precipitation
(colours). In winter, evaporation from land source regions generally contributes ~30-60% to the precipitation over Eurasia.

The largest contribution (~80%) is located in central China. In summer, >60% of precipitation over most parts of Eurasia is
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supplied by evaporation from land, especially for the inland region where >80% of precipitation originates from the land
surface. However, the contribution of evaporation from land to summer precipitation over IND, ICP, and east China is
generally less than 50%, due to moisture transport by the Indian summer monsoon and EASM. Overall, the contribution of
evaporation from land to precipitation over Eurasia is smaller in winter and larger in summer, which is consistent with the
variation of evaporation from the land surface over Eurasia in winter and summer as shown in Fig. 4. The pattern of
precipitation contributed by land evaporation is similar to that shown in Numaguti (1999). Our result is close to that of

Numaguti (1999) for summer but the contribution of land evaporation to precipitation is evidently larger for winter.

The distributions of the relative contributions of evaporation from the NAO, the extended north Indian Ocean (includes NIO,
BOB, and AS), and the extended Northwest Pacific (includes NWP and SCS), which are three important moisture source
regions, are shown in Fig. 5. In winter, ~10-60% of the precipitation over the northern part of Eurasia originates from the
NAO, with a westward or northwestward increasing gradient in the relative contribution. The extended north Indian Ocean
supplies moisture for ~10-30% of the precipitation over the-North Africa and South Asia. The extended Northwest Pacific
only provides moisture for 10-30% of the precipitation over the southern and eastern coastal regions of Asia. In summer,
evaporation from the NAO only affects precipitation over Europe, with a contribution of 10-30% to total precipitation.
Precipitation areas influenced by the extended north Indian Ocean extend to EA, while areas impacted by the extended

Northwest Pacific retreat eastward.

The arrow streamlines in Fig. 3 show the total tropospheric water vapour flux in winter and summer. There is a westward
component of water vapour flux over the tropics of both the extended north Indian Ocean and the extended Northwest
Pacific in the Northern Hemisphere in winter. In summer, there is a very large northwestward water vapour flux over the
NIO, turning northeastward over the BOB and AS. Over the extended Northwest Pacific, there is a northward component of
water vapour flux at 3060 N and a westward flux in the tropics between 120<E and 180 €. In addition, Fig. 4 shows strong
surface evaporation over the NWP and NAO in winter, while evaporation is weaker in summer. In contrast, evaporation over

the NIO is larger in summer and smaller in winter. These results help to explain the variations in the contributions of the
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NAO, extended north Indian Ocean, and extended Northwest Pacific to precipitation in winter and summer as shown in Fig.

5.

The overall contributions from these three oceanic regions are generally less than those in Numaguti (1999). The resolution
of the climate model used in Numaguti (1999) is ~5.6< both in latitudinal and longitudinal direction. The different model
resolutions are a probable reason for the different quantitative contributions in our study and that of Numaguti (1999). In
addition, CAM5.1 is driven by MERRA data, so its surface evaporation flux is approximate to that of MERRA. MERRA
land evaporation is larger over South and East Asia and Northern Europe compared to other global estimates (Jiménez et al.,
2011), and Bosilovich et al. (2011) suggested that MERRA ocean evaporation is lower compared to other reanalyses but is
much closer to observation. Therefore, the bias in MERRA surface evaporation may lead to the higher land contribution and

lower oceanic contribution to precipitation.

3.3 Atmospheric moisture source attribution of precipitation and water vapour over the YRV

Figures 6a and 6b show the time series of evaporative contribution of each source region to precipitation over the YRV. The
contributions of evaporation to precipitation from the BOB and AS are lower during autumn—winter and higher during
spring—summer with relative contributions of <3.69%. Chow et al. (2008) (see their Fig. 20a) also found that evaporation
from the AS had little impact on precipitation over China. Supplementary Figs. S7S10-S130 show the distributions of 25
tagged water vapour tracers and 25 tagged precipitations over Eurasia and surrounding areas in winter and summer. Figs.
S107a and S129a show that evaporation from the BOB contributes to water vapour and precipitation over the extended north
Indian Ocean in winter, corresponding to the direction of water flux shown in Fig. 3a. The centre of BOB-contributed
precipitation (15 mg m? s™) is located in the south of the TP in summer (Fig. S20aS13a). In addition, the BOB supplies
moisture to areas around the northeastern BOB in summer (Fig. S8aS11a). The contribution of the SCS to precipitation is
also very small (<4-73.4%), which supports the view of Chow et al. (2008), who suggested that the SCS may serve as a

pathway for water vapour transport from the southwesterly flow of the Indian summer monsoon and the easterly flow of the

44



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

Northwest Pacific subtropical high. A detailed discussion of this issue is presented in Sect. 3.5. The NWP serves as the
dominant oceanic source region for precipitation over the YRV during the whole year except during June and July. The

relative contribution is ~778.1-10:110.6% in June and July and 14.-415.8-22.924.6% in other months. As shown in Fig.3,

there is strong westward water vapour flux over 20245<N for the NWP and southwestward water vapour flux over the

tropics of the NWP. ButHowever, there is no evident moisture transports from the NWP to EA in the long term mean water

vapour flux. Following-the- Eqg. (S1)-inthesupplement, the water vapour flux is divided into the stationary and transient

components, as shown in Figs. S8-S9. Figure-S8c-showsthattThe transient component of the meridional flux brings some of

the moisture from south over most of the NWP and the north of the SCS (Fig. S8c), and-Fig—S9¢c-shows-that- the transient

component of the zonal flux leads to westwards water vapour transport over 20230°N for the NWP (Fig. S9c). Both the

two—transient_ components indicate that the synoptic disturbances can bring moisture originating from the NWP to the

southern and eastern coastal regions of Asia during winter. Evaporation from the NIO shows a clear contribution to

precipitation during May to October. Especialhy-inJune-and-Julyln particular, the NIO is the dominant oceanic source region

in June and July, with a contribution of ~22.530%. This is in agreement with the result of a Lagrangian diagnostic method
described in Baker et al. (2015) and the results of sensitivity experiments in Chow et al. (2008). However, in other months,
the contribution of the NIO is very small. The contributions from evaporation from the BOB, AS, and NIO are in phase with
the EASM, which was also reported by Baker et al. (2015). The ICP is an important terrestrial source region for the YRV
precipitation, supplying moisture to ~9.89% of the annual precipitation. The relative contribution of the ICP from April to
September is close to the result of Wei et al. (2012). The contribution of evaporation from the YRV to its precipitation can
be regarded as the local recycling ratio, which is lower (5:94.5-97.4%) in summer and higher (2£19.2—14.-113.4%) in other
seasons. In general, the contribution of evaporation from SCN is comparable to the local contribution of the YRV. The
relative contribution from the NEA is higher in autumn-winter and lower in spring—summer, which may be associated with
the shift of the EA monsoon. Though the individual contributions of evaporation from the YRV or SCN are smaller than
those from the NIO in summer, their combined contributions exceed 10%. This implies that evaporation from these two
regions is important for precipitation over China. This is contrary to the view expressed in Simmonds et al. (1999) and Qian

et al. (2004), but consistent with Wei et al. (2012). Figures 6c and 6d show a time series of evaporative contribution from
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each source region to the tropospheric water vapour amount over the YRV. The overall relative contribution from each
source region to the total water vapour amount is similar to the corresponding relative contribution to precipitation shown in

Figs. 6a and 6b.

3.4 Atmospheric moisture source attribution of precipitation and water vapour over SCN

Figures 7a and 7b show the contribution of each source region to precipitation over SCN. The NIO is the dominant source
region in summer, while the NWP dominates precipitation over SCN during other seasons, which is similar to the situation
over the YRV. The contribution from the NIO is 21.528.4-28-137.8% in summer. The contribution from the NWP is 8.27—
15:717.2% in summer and ~2015.3-33:437.2% during other seasons. During spring and summer, ~2-2-4.4% of precipitation
is supplied from the BOB, with smaller contributions during other seasons. The contribution from the AS is similar to that of
the BOB. In summer, only 32.7-4-23.7% of precipitation originates from the SCS, but the area contributes ~76.7-—7-37% to
the precipitation in early spring (March to April). Like-Similar to precipitation over the YRV, the dominant terrestrial source
region for SCN is the ICP, which contributes ~9:99.8% to the precipitation. In addition, ~5-75.6% of summer precipitation
originates from SEA. Compared to precipitation over the YRV, the contribution from the TP is smaller. In addition, the
contribution from the YRV is small in summer. The local recycling ratio or percentage contribution of evaporation from
SCN is generally 5:54.3-8:87.2% during May to September, but larger than 209.3% during the remaining months. As shown
in Fig. 7d, the overall relative contribution of each source region to the water vapour amount is similar to each region’s

contribution to precipitation over SCN.

3.5 Atmospheric moisture source attribution of water vapour over the SCS

Simmonds et al. (1999) and Lau et al. (2002) suggested that interannual variation of summer precipitation over China is
associated with water vapour transport over the SCS. However, Chow et al. (2008) suggested that the SCS may act as a

water vapour transport pathway where the southwesterly stream of the Indian summer monsoon and the easterly stream of
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the southeastern Asian monsoon meet. Previous studies have conducted sensitivity experiments or analysed the water vapour
budget to indirectly determine moisture sources for the SCS. In contrast, our AWT method can directly quantify the
contribution of each source region to the water vapour amount over the SCS, which is shown in Fig. 8. The local
contribution of the SCS is small (~54.7-5:85.5%) in summer, and the mean contribution in other months is ~%46.8%. The
contribution of the NIO shows clear seasonal variations: the contribution is high during May to October, but very small
during the other months. Similar to the results for water vapour over the YRV and SCN, the NIO is the dominant source
region from June to September, with a contribution of 20:822.7—26.931%. During this period, the contribution of the NWP is
13.314.1-1921.2%. However, the NWP dominates the water vapour over the SCS in the remaining months, with
contributions of 23:825.7-45:151.3%. In addition, the SP and NEP are also important oceanic source regions, with combined
annual contributions of ~1311-17.716.6%. The most important terrestrial moisture source region is the SEA, whose
contribution is larger (13.78-16.22%) in summer and smaller (~6-45.3%) in winter. During late autumn to winter, about
5.23-6.23% of water vapour is supplied from NEA, but its contribution is very small in other seasons. The other land source

regions contribute relatively little to the water vapour amount over the SCS.

From the SCS to SCN and further to the YRV (from south to north), surface evaporation from the SCS generally represents a
small (<5.85%) contribution to the water vapour amount over the three target areas in summer. In contrast, much more water
vapour is supplied by evaporation from the NWP and NIO. This confirms the inference proposed by Chow et al. (2008) that

the SCS is a water vapour transport pathway where moisture from the NIO and NWP meet in summer.

4. Conclusions

In this study, an Eulerian tagged AWT method was implemented in CAM5.1, which provides the capacity to separately trace
the behaviour of atmospheric water substances originating from various moisture source regions and to quantify their
contributions to atmospheric water over an arbitrary region. Numaguti (1999) pointed out that the weakness of the tagged

AWT method is that its results suffer from the performance of the model in reproducing the hydrological cycle. However, a
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comparison between GPCP and CAMS5.1 precipitation shows that CAMS5.1 has the capability to represent total precipitation

processes. CAMB. 1 also can reproduce water vapour and large scale circulation reasonable, as compared to AIRS and NCEP

data. Using this method, we investigated the contribution of evaporation from land, as well as the contributions from the

North Atlantic OceanNA©G, extended north Indian Ocean, and extended Northwest Pacific to precipitation over Eurasia. Our

results are similar to those of Numaguti (1999), except that our results indicate a larger contribution from terrestrial source
regions, while the three oceanic regions show smaller contributions. Different model resolutions and a bias in MERRA

surface evaporation are probable causes for the differences between our results and those of Numaguti (1999).

We then investigated the contribution of various source regions to precipitation and water vapour amounts over the YRV and
SCN. Our results suggest that the dominant oceanic moisture source region during summer is the NIO (15:920.5-22.530.3%
of precipitation over the YRV; 21.528.4-28.137.8% of precipitation over SCN), consistent with Baker et al. (2015) and
Chow et al. (2008), while during other seasons, the NWP is the dominant source region (24-315.8-22.924.6% of
precipitation over the YRV; 14.:415.3-34-137.1% of precipitation over SCN), with smaller contributions from the BOB, AS,
and SCS. The ICP is an important terrestrial source region, with a mean annual contribution of ~10%. For precipitation over
the YRV, the combined contribution of evaporation from the YRV and SCN is non-negligible (exceeding 10%), consistent
with Wei et al. (2012). For precipitation over SCN, the local recycling ratio is generally 5:54.3-8:87.2% during May to
September, and reaches 11-19.4-19.618.7% in other months. The contribution from the YRV is very small in summer. The
overall relative contribution of each source region to the water vapour amount is similar to the corresponding contribution to

precipitation over the YRV and SCN.

An analysis of water vapour amount over the SCS shows that the NIO is the dominant source region (20-822.7-26-931% of
water vapour) during June to September, while the NWP dominates (23-825.7-45:151.3% of water vapour) in the remaining
months. In contrast, the local contribution of the SCS is smaller (~54.7-5:85.5%) in summer. In addition, the SP, NEP, and

SEA are also important source regions. Evaporation over the SCS represents a small contribution to water vapour amounts
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over the SCS, SCN, and the YRV in summer, implying that the SCS acts as a water vapour transport pathway rather than a

dominant source region, which confirms the inference of Chow et al. (2008).

At present, the tagged AWT method has only been applied to a few GCMs and regional models, and has generally focused
on identifying the moisture distribution over a few regions such as NAM-North America (Bosilovich and Schubert, 2002;
Bosilovich et al., 2003). We expect that the AWT method will be applied to additional models and used to identify moisture

sources over more climate regions, which will improve our understanding of atmospheric moisture transport.

Code availability

The source code modifications for CAMS5.1 are available from the authors. Interested readers should contact us via
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Figure 1. Moisture source regions: the regions are denoted as (1) Bay of Bengal: BOB; (2) Arabian Sea: AS; (3) South China Sea: SCS; (4)

Northwest Pacific: NWP; (5) north Indian Ocean: NIO; (6) southern Indian Ocean: SIO; (7) southern Pacific: SP; (8) Northeast Pacific:
NEP; (9) southern Atlantic Ocean: SAO; (10) northern Atlantic Ocean: NAO; (11) Arctic Ocean: ARC; (12) North America: NAM; (13)
South America: SAM; (14) Africa: AF; (15) Australia: AUS; (16) Antarctic: ANC; (17) Southeast Asia: SEA; (18) Tibet Plateau: TP; (19)
Indo-China Peninsula: ICP; (20) India: IND; (21) Europe: EUP; (22) North Asia: NA; (23) Northeast Asia: NEA; (24) Yangtze River

Valley: YRV; (25) South China: SCN.
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750 Figure 2. Comparisons between (left) GPCP data and (right) CAM5.1 precipitation simulations during (top) winter and (bottom) summer

751  (ten-year averages for 1998 to 2007).
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Figure 3. Distribution of the relative contribution to precipitation from all land source regions defined in Fig. 1 (colours, unit: Zratio of

tagged precipitation over total precipitation) and the vertically integrated total tropospheric water vapour flux (arrow streamlines, unit: kg

m* s1) during (a) winter and (b) summer.
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767 Figure 6. (a) Monthly averaged evaporative contributions of 25 defined source regions to the precipitation over the YRV. (b) Same as Fig.
768 6a, but for the relative contribution to precipitation. (c) Monthly averaged evaporative contributions of 25 defined source regions to the
769 tropospheric total water vapour amount over the YRV. (d) Same as Fig. 6c, but for the relative contribution to water vapour. Stacked

770  column colours correspond to source region colours in Fig. 1.
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773 Figure 7. Same as Fig. 6, but for the contributions and relative contributions of 25 source regions to precipitation and tropospheric total

774  water vapour amount over SCN.
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777 Figure 8. (a) Monthly averaged evolution of evaporative contribution of 25 defined source regions to the tropospheric total water vapour
778 amount over the SCS. (b) Same as Fig. 8a, but for the relative contribution of water vapour. Stacked column colours correspond to source

779  region colours in Fig. 1.
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