Anonymous Referee #1

Received and published: 1 June 2020

General Comments: East Asian precipitation simulation is one of the great
challenges faced by climate scientists due to the complexity of East Asian
climate system and topography. The simulation of East Asian precipitation is
sensitive to model resolution and air—sea coupling. This paper investigated the
moisture sources of East Asian precipitation simulated by MetUM models using
WAM-2layers. It provides a novel way to understand model bias. This study
shows evidence about the sensitivities of moisture sources of EA precipitation
to model horizontal resolution and air—sea coupling. The results are convincing,
and helpful for model developers and climate model users. This paper is well
structured and written. Thus, | suggest a minor revision.

We thank the reviewer for providing useful comments and discussions to help
us improve this manuscript.

Specific Comments:

1. As shown in Fig3d, the moisture source over the tropics in region1 and
region? is underestimated, and more source from mid-latitude is transported to
the two regions. Is there any coupling between the biases of the tropical source
and mid-latitude source?

We believe that the reviewer meant Figure 4b&d instead of Figure 3d.

If the moisture flux from the tropics is weak as shown in MetUM, then the
moisture for precipitation over regions 1 and 2 should come from elsewhere. In
the case of region 1, the additional moisture comes from the mid—latitude
regions; in the case of region 2, the additional moisture comes from local
evaporation regions; the additional moisture comes from local evaporation.

With that being said, there is a positive precipitation anomaly over the tropical
Indian Ocean in MetUM simulations (Figure R1a, enclosed with this response).
Besides, the subtropical jets at 200hPa in both hemispheres shift southward in
MetUM (Figure R1c). The anomalous monsoon westerly in the MetUM between
15°=30°N at 850hPa transports more moisture from the west, which is
collocated with the positive moisture source anomaly shown in Figure 4b
(Figure R1b). The anomalous circulation is consistent with the anomalous
convection; however, it is difficult to separate the cause and effect without
carrying out extra experiments.

For the Tibetan Plateau (region 2, Figure 4d), there is a positive mid—latitude
moisture source anomaly within the region and to the east, which is collocated



with a positive evaporation anomaly in MetUM simulations. Here, we focus our
analysis on the summer, as the differences shown in Figure 4 show the patterns
of summer monsoon over Asia.
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Figure R1. (a) Difference of JJA precipitation between MetUM AN96 and ERA-Interim averaged
over 1982-2012 (mm/month). (b) Difference of JJA 850hPa wind between MetUM AN96 and
ERA-Interim averaged over 1982-2012 (m/s). (c) Latitude—Pressure plot of the JUA U-wind
climatology averaged between 60° and 90°E in ERA-Interim during 1982-2012 (contour, m/s)
and the difference between MetUM AN96 and ERA-Interim over the same domain and period
(colour, m/s).

2. It would be useful to examine the travelling time and distance of moisture to
further check the model biases and sensitivities to resolution and air—-sea
coupling.

We thank the reviewer for the suggestion. We investigated both the travel time
and travel distance of the tracked moisture. However, the results do not show a
systematic change with either resolution or coupling. We are investigating the
reason: one possible cause could be the delayed monthly mean, since all
results shown in this manuscript are obtained from monthly mean outputs. The
monthly mean is not simply calculated from the 1% of each month to the last
day of the same month, because the moisture transport takes place over
timescales of days and weeks. For example, moisture evaporated from the
Mediterranean Sea typically takes 15 days to be transported to EA. Therefore, in



the backward tracking, any precipitation put back into the WAM—-2layers over EA
would take 15 days to reach the Mediterranean Sea. Therefore, the monthly
mean moisture source for EA precipitation over the Mediterranean Sea starts
from the 15" of the month and ends a month later (the exact date depends on
the length of the month). We have treated the tracked moisture shown in this
manuscript with this method, but we have not treated the travelling time and
distance in the same way. We suspect that this causes the inconsistent results
between tracked moisture and the travelling time or distance. To confirm this
idea, we are re—running all our WAM tracking simulations, but as this process
requires a substantial amount of computational time, we will need to report the
results in a future study.

3. As for the moisture bias of regionb precipitation in DJF, it shows that less
moisture source from the mid-latitude and more moisture source from the Seas
of Japan and Okhotsk lead to the eastward shift of the moisture centre. This
paper well discussed the positive anomalies of the moisture source from east
of region5 with resolution. How about the contribution of mid-latitude
circulation or evaporation bias?

As shown in Figure 10, over region 5 in DJF, the major moisture source biases
across all MetUM simulations come from the mid—latitude water surfaces, i.e.,
the Seas of Japan and Okhotsk in the Pacific, the Mediterranean Sea, Caspian
Sea, Red Sea and Persian Gulf in western and central Asia, not from the
Eurasian land surface. This indicates that the MetUM bias of evaporation over
the Eurasian continent is small (due to the frozen soil). The biases in the mid-
latitude lower—tropospheric circulation during OJF are also small, as indicated
by Figure R2 (below).

Similar to the moisture source bias caused by SST bias over the Seas of Japan
and Okhotsk, the reduced moisture sources over the Mediterranean Sea,
Caspian Sea, Red Sea and Persian Gulf are linked to the negative SST biases
over those water bodies, especially in the low and mid-resolution coupled
simulations.

The following revision will be made on Page 8 Lines 30-31: “/n DJF, the land
moisture source plays a minor role, due to its frozen soil and therefore small
evaporation. The mid—latitude circulation in DJF is also reasonably simulated in
all MetUM simulations (figure not shown).” .
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Figure R2. Difference in DJF moisture flux between MetUM simulations and ERA-Interim. Units:
m®/month.

Typing errors

1. Fig.10i, “CN512-CN512"-> “CN5h12-AN5K12"
Correction has been done.

2. P8 L229 Seas of Japan ad Okhotsk—> Seas of Japan and Okhotsk. P10 L289
cecessary—>necessary.

Corrections have been done.
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The paper deals with the sensitivity of climate models to grid resolution and
atmosphere/ocean coupling in simulating moisture transported from ocean/land
moisture sources ending up as precipitation over East Asia. The study is
innovative and the subject itself is of great interest, especially for the climate
modelling community. The manuscript is well introduced, well organised and
well written. Their analysis of biases is well founded, and findings are robust.
However, | have some concerns about the discussion section and the use of
reanalysis and observational data which need to be addressed prior to
publication (see major comments below).

We thank the reviewer for the evaluation and comments. We have replied
following each specific comment.

Major points

— It is not clear what is the exact period used to calculate the climatological
annual mean precipitation for MetUM simulations, ERA—interim and Aphrodite
datasets. Is this the common matching period 1982-2007 (if MetUM AN &
CN512 is included the common period would be limited to 1992-2007), or
different periods i.e. 1979-2007 for Aphrodite, 1982-2012 for MetUM AN/CN
96/216, etc. If significant trends are present in these timeseries (which is the
case over several regions of East Asia in the Aphrodite timeseries) the choice
of period may have significant impacts on the calculated climatological annual
mean patterns. |deally a common matching period for all datasets should be
used, or, at least the associated inconsistencies when comparing annual mean
precipitation patterns of products of different periods should be discussed in
the text (i.e. in addition to inconsistencies related to AN/CN 512 shorter period
simulations already discussed in the text).

As suggested by the reviewer, a common period of 1982-2012 is now used to
calculate the precipitation climatologies for ERA-Interim, APHRODITE and
MetUM simulations at N96 and N216 resolutions.

To accomplish this, the APHRODITE dataset has been extended from 2007 to
2012 using its product V1101EX-R1 obtained from the second phase of the
APHRODITE project. According to its guidance
(https://climatedataguide.ucar.edu/climate—data/aphrodite—asian—
precipitation—highly-resolved—observational-data-integration—towards), this
extension uses an algorithm consistent with that of the original dataset, but with
added data and improved quality control.




We leave the precipitation climatology for the MetUM at N512 resolution for the
period 1992-2012, as this is the period for which we have data and can track
moisture for precipitation using WAM. Restricting all datasets to this period
would greatly reduce the sample size for analysis in the other datasets (from 30
years to 20 years). Figure 2 in the revision has now been updated along with its
caption. The climatological annual mean precipitation pattern in APHRODITE
has not dramatically changed, as the pattern correlation coefficient between the
old (1982-2007) and updated (1982-2012) periods is 0.99. In addition to
Figure 2, data information in Section 2 is also updated accordingly.

Page 3 Lines 30—-31 of the revised paper will read: “ 7o match with MetUM
simulations, the period between 1982-2012 is used for both ERA-Interim and
APHRODITE.”

Page 4 Lines 18-20: “Periods of simulation are listed in Table 1. Most
simulations match the period of ERA—Interim (1982-2012) except N512
simulations which have a shorter simulation period (1992-2012).”

— Along with Aphrodite, | could use an additional observationally—based dataset
for land EA precipitation such as the CPC Unified Gauge—Based Analysis of
Global Daily Precipitation (at 0.5 deg. resolution, available from 1979—-present)
which, in contrast with Aphrodite, is fully matching ERA-I and MetUM simulation
periods, to estimate precipitation biases w.r.t. ERA-I and MetUM. Although
these datasets are based more or less on the same gauge data stations,
different interpolation methods to fill the gaps and different periods can have
significant impacts on calculating the climatological mean pattern of
precipitation.

Although we have matched the data availability of APHRODITE with ERA-Interim
and the MetUM (see response to comment above), we have also followed the
reviewer’s suggestion to compare these products with an additional dataset.
We chose another gauge—based gridded precipitation product, from the Global
Precipitation Climatology Center (GPCC), which covers the same period and
has a similar resolution to the CPC dataset. In terms of annual mean
precipitation climatology, GPCC and APHRODITE are similar, with a pattern
correlation coefficient of 0.89. With this information in mind, we continue to use
APHRODITE in the rest of our manuscript.

The following modification will be added in the revisited manuscript on Page 3,
Lines 31-33: “Other precipitation observations from the Global Precipitation
Climatology Center (GPCC: Schneider et al., 2014) are also used in
comparison. Because of the similarity between the two datasets, only results
from the APHRODITE are showed in the following text.”



— Discussion section 5.1 is too short. Although the paper is focusing on the
impact of model grid resolution and air—sea coupling on biases in moisture
transport from ocean/land moisture sources ending up as precipitation over
East Asia, more text could be included in the discussion section about
representation of physical processes involved in moisture transport in East Asia
in the reanalysis and MetUM simulations. You could briefly compare your
findings with previous moisture source/transport diagnostic studies in
East/Southeast Asia using Langragian models and reanalysis data (e.g. Sun
and Wang, 2015; Baker et al. 2015; Chu et al. 2017).

The focus of this study is the comparison between reanalysis and simulations,
as well as the sensitivity of simulated moisture sources to horizontal resolution
and atmosphere—ocean coupling. We agree with the reviewer that
understanding the physical processes that connect the moisture sources with
the precipitation in target regions is equally important. In fact, we have
prioritised the connection with the physical processes by publishing results on
this topic prior to evaluating simulations. Details can be found in Guo et al.
(2018, 2019).

We will add a comparison with the previous studies to the Discussion on Page
10-11 from Lines 25 onward: “Moisture sources tracked using the WAM-
ZPlayers and the physical processes that link the source regions with the
precipitation over EA have been discussed in detail in Guo et al. (2019).
Compared with studies employing other moisture methods, the results are
consistent (Sun and Wang, 2015: Baker et al., 2015; Chu et al., 2017). As also
shown herein, the Indian Ocean provides the largest portion of moisture during
boreal summer for precipitation over southeast EA. This contribution to
precipitation decreases with the latitude of precipitation. Meanwhile, the
moisture contribution from land sources increases with latitude. Local
evaporation makes a larger contribution over the Tibetan Plateau compared to
other EA subregions. During the boreal winter, due to the prevailing westerly
and the frozen soil over the Eurasian continent, the Mediterranean Sea and
other adjacent waterbodies become the major moisture contributor for
precipitation over the mid-latitude EA subregions. MetUM simulations can
generally capture most of these contributions, albeit with notable biases that
vary with resolution and coupling. Similar biases have also been reported in
Peatman and Klingman (2018), Stephan et al. (2017a, b).”

— Although ERA-Interim shows indeed a good skill in simulating mean and
inter—annual variations in land precipitation over East Asia this is not always the
case for water cycling over the ocean. For example, P—E interannual variability
in the tropical Indian Ocean is not well represented in ERA-Interim as compared
to observationally—based products (see Skliris et al. 2014). This may affect the
simulation of moisture transport from Indian Ocean moisture sources for SE
Asia precipitation in ERA-Interim. In general, there are large discrepancies



between the different reanalyses in representing E & P variations over the
ocean (see Schanze et al. 2010). A more critical discussion is needed in the
text concerning the use of a single reanalysis product as a benchmark to
compare moisture sources traced from climate model simulations.

We thank the reviewer for this suggestion. We will add a discussion on Page 11
between Lines 3-10: “ERA-Interim is employed here for evaluating the
Simulations. It is chosen for its small residual in the global hydrological budget,
/its accurate representation of the mean and interannual variability of EA
monsoon precipitation and its resemblance to the observation of evaporation
over China (Trenberth et al., 2011, Lin et al., 2014, Sun and Wang, 2015).
However, the ERA—Interim has noticeable biases in the representation of the
water cycle over the ocean, i.e., the P—E interannual variability in the tropical
Indian Ocean is not well represented compared to observations (Skliris et al.,
2014, Schanze et al., 2010). This bias could potentially affect the moisture
contribution from the Indian Ocean estimated with ERA-Interim. To deliver more
accurate information on the performance of MetUM in terms of tracking
moisture sources, multiple reanalysis datasets should be included, so that
biases from any single reanalysis dataset can be identified and considered.”.

- | would suggest to additionally use the ERA5 dataset (which replaced ERA-
Interim a year ago) in your analysis which has much higher horizontal resolution
(_30km) and with considerable improvements w.r.t. ERA=interim including
better global balance of precipitation and evaporation and better precipitation
over land, especially in the tropical regions. In addition, this way you may also
investigate the impact of higher model resolution on the reanalysis biases and
compare changes due to increasing resolution in products with similar
resolution in ECMWF and MetUM products (i.e. ERA=Interim/AN216 vs.
ERA5/AN512). Although | recognise that this requires a considerable extra effort
and while the paper is publishable in its current form, | think it could strengthen
your analysis and further improve the robustness of your findings.

We will include the ERA5 in a future multi-reanalysis comparison of moisture
sources, which has been suggested by the reviewer in a previous comment.
However, at this stage of the work, it is too much effort to recompute the
moisture sources and model biases against ERA5, rather than the ERA-Interim.
Although ERA5 is an improvement on ERA-Interim, there are few studies
published so far to suggest a better representation of the circulation in ERA5
for East Asia and the surrounding regions. The purpose of the manuscript is to
show the large—scale biases in moisture sources in MetUM, which we think are
adequately depicted when MetUM is compared against ERA-Interim, which was
the state—of-the—art reanalysis when we performed the analysis and the WAM-
2layers simulations.

Minor points



- You should provide the ERA-Interim space grid resolution in section 2.1
ERA-Interim space grid resolution has been specified in Section 2.1.

— | would suggest to use MetUM AN216 (rather than AN96) to compare with
ERA-Interim in figures 2 & 4 as these two datasets have similar horizontal grid
resolution.

As answered in previous comment, we downloaded ERA-Interim on a 1.5°x1.5°
grid from its data portal. Therefore, keeping the comparisons with AN96 in
Figures 2 and 4 seems reasonable. As mentioned in our manuscript, the
sensitivity of simulated moisture sources to horizontal resolution (i.e., the
difference between AN96 and AN216) is small compared to the model bias of
either simulation against ERA-Interim. Figures 2 and 4 look quantitatively similar
when replacing AN96 with AN216:

(a) MetUM AN216 (b) AN216 - APHRODITE
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Figure R1. Annual mean precipitation of (a) MetUM AN216 and its difference with APHRODITE.
Units: mm/day. The annual precipitation are averaged over 1982-2012.



Figure R2. Annual mean moisture source for EA subregions (a, ¢, e, g and i, units: mm/month)
and vertically integrated moisture flux (vector, units: m®/s) calculated from ERA-Interim.
Moisture source accounts for 80% of precipitation is shown. Difference in annual mean



