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Abstract. Precipitation over East Asia (EA) simulated in six experiments using the Met Office Unified Model (MetUM) is
compared with observations and ERA-Interim reanalysis. These simulations are performed at resolutions of 200 - 40 km and
with both atmosphere-only and air-sea coupled configurations. EA precipitation in MetUM is systematically overestimated,
especially over southeastern EA and the Tibetan Plateau. Moisture sources for simulated and observed regional EA precipitation
are traced using the Water Accounting Model-2layers (WAM-2layers) - a moisture tracking model that traces moisture sources
using a combination of evaporation, atmospheric moisture and circulation. Biases in moisture sources are linked to biases
in precipitation. For southeastern EA, positive precipitation biases are linked to errors in mid-latitude sources rather than
tropical ocean sources. Increasing resolution reduces precipitation biases over the Tibetan Plateau. From the perspective of
moisture source, this reduction comes from reduced remote moisture source that is blocked by the better representations of
topography at higher resolution. Including coupling does not necessarily improve EA precipitation, however, coupling alters
moisture sources. Because the effect of coupling on moisture source varies on location and sign, the collective impact on EA
precipitation may not be noticeable. By using WAM-2layers, these changes in moisture sources can be attributed to changes
in SST, circulation and associated evaporation. WAM-2layers can be a useful tool to identify model biases that cause biases in

regional precipitation.

1 Introduction

Identifying moisture sources for East Asian (EA) precipitation has long been a challenge that motivates the scientific commu-

nity. Understanding EA precipitation and its variability also has socio-economical values in the areas such as the water resource
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management, agricultural irrigation and hydroelectric power generation. Different methods have been applied to identify mois-
ture sources for EA precipitation, from diagnosing the net moisture flux on boundaries of a studied region (e.g., Zhou and Yu,
2005), to using simple analytic models (e.g., Guo et al., 2018), to tracking moisture using the atmospheric moisture conser-
vation equation under either Lagrangian or Eulerian frameworks (e.g., Wei et al., 2012; Zhang et al., 2017; Guo et al., 2019;
Fremme and Sodemann, 2019).

The understanding of moisture sources for EA precipitation has been changing in recent years. As EA is influenced by the
EA summer monsoon (EASM), early studies considered the adjacent oceans (both the Pacific and Indian Oceans) as the major
direct (i.e., without being precipitated and re-evaporated) moisture source for EA precipitation and its interannual variability
(Zhou and Yu, 2005; Wang and Chen, 2012). However, with recent advantages in moisture tracking models, moisture sources
could be identified more accurately, as these models implemented the atmospheric moisture conservation equations at higher
temporal and spatial resolutions. As a result, land surface contributions were recognised (Wei et al., 2012; Zhang et al., 2017;
Fremme and Sodemann, 2019) and replaced oceans as the major source for EA precipitation, especially over inland and mid-
latitude regions. On the other hand, due to frozen soil and snow cover over the Eurasian continent during boreal winter, moisture
contributions from land surfaces reduced but contributions from water bodies to the west of EA (i.e., from the Mediterranean
Sea and the northern Atlantic Ocean) increased, as this moisture can be transported along the mid-latitude westerlies (Guo et al.,
2019).

Correctly simulating precipitation and the hydrological cycle in contemporary Global Climate Models (GCMs) remains
challenging (Liepert and Previdi, 2012). These challenges are also manifested at regional scales. Model biases in precipitation
and the hydrological cycle over EA have been reported and analysed in previous studies (Wen et al., 2016; Yang et al., 2014;
Ou et al., 2013; Chen and Sun, 2015; Jiang et al., 2015). Uncertainties notwithstanding, improvements on simulating precipita-
tion and the hydrological cycle have been made with increased horizontal resolution and including air-sea coupling. By inves-
tigating eighteen GCMs with horizontal resolution varying between 100 km and 20 km, Vanniere et al. (2018) found improved
precipitation over land globally with the increase in horizontal resolution. They also found improved precipitation patterns and
amplitudes at regional scale, due to more realistic seasonal circulation with increased horizontal resolution. Similar improve-
ments in the global hydrological cycle with increased horizontal resolution have also been reported in Terai et al. (2018) and
Demory et al. (2014). Improvements at regional scales due to increased horizontal resolution have been reported over South
Asia (Johnson et al., 2016; Ogata et al., 2017), Maritime Continent (Schiemann et al., 2014), tropical Africa (Vellinga et al.,
2016) and for the mid-latitude storm track (van Haren et al., 2015). Over EA, Stephan et al. (2018b) found that the seasonal
mean precipitation and its interannual variability are improved with increased resolution in the Met Office Unified Model,
particularly near orography in southwest China (although the improvement is small relative to the model mean biases).

The oceans play an important role in the global hydrological cycle, as about 85% of the evaporation and 77% of the precipi-
tation occur over the ocean (Schanze et al., 2010). Air-sea coupling makes the air-sea fluxes in GCMs more realistic, in terms of
both heat and water, and therefore changes water/precipitation distributions in models (Ratnam et al., 2015; Dong et al., 2017;
Hirons et al., 2018). Over EA, previous studies have shown that simulated precipitation has been improved due to both local

and remote air-sea interactions (e.g., Fu et al., 2002). Although, introducing air-sea coupling can also introduce sea surface



55

60

65

70

75

80

https://doi.org/10.5194/gmd-2020-104
Preprint. Discussion started: 8 May 2020
(© Author(s) 2020. CC BY 4.0 License.

temperature (SST) biases (Gupta et al., 2013), Yang et al. (2019) suggested that coupled models represent EA precipitation
more realistically due to compensating errors from SST biases that originate from atmosphere models.

Although simulated EA precipitation has improved with resolution and coupling, biases remain prominent and their causes
are still unclear (Sperber et al., 2013). Therefore, in this study, systematic biases of EA precipitation in a set of numerical
experiments are investigated from the perspective of moisture sources, which are identified using a moisture tracking model.
Biases in precipitation are linked to biases in moisture source both remotely and locally, and be further attributed to biases in
evaporation, circulation and atmospheric moisture. Impacts of resolution and coupling on simulated EA precipitation will also
be investigated from the perspective of moisture sources. The set of numerical experiments has been conducted using the Met
Office Unified Model (MetUM) Global Atmosphere 6.0 (GA6) and Global Coupled configuration 2.0 (GC2) at three horizontal
resolutions. The moisture tracking model is the Water Accounting Model (WAM-2layers). WAM-2layers has been applied to
EA precipitation in previous studies (Keys et al., 2014; Guo et al., 2019) with different reanalysis datasets. Compared to other
tracking methods, its efficiency makes it a more suitable tool to work with high-resolution and long-term climate simulations.

More details about MetUM and WAM-2layers are given in Section 2. Simulated EA precipitation and moisture sources are
compared to observations and reanalyses in Section 3. Differences in moisture sources for EA precipitation due to resolution

and coupling are discussed in Section 4. Discussion and conclusions are lin Section 5.

2 Data and Methods
2.1 Data

The European Centre for Medium-Range Weather Forecasts Interim reanalysis data set (ERA-Interim; Berrisford et al., 2011;
Dee et al., 2011) from 1979-2016 is used to validate simulated precipitation and to drive WAM-2layers. Daily mean variables
on a single level (precipitation, evaporation, surface pressure and near-surface specific humidity) and model levels (horizontal
wind and specific humidity) are used.

Observational daily precipitation over EA is obtained from the Asian Precipitation-Highly-Resolved Observational Data
Integration Towards Evaluation (APHRODITE; Yatagai et al., 2012) dataset. APHRODITE utilises rain-gauge data with pro-
cesses of quality control and is available from 1951-2007. To match with the ERA-Interim and MetUM simulations, data from
1979 onward are used.

SST is evaluated against the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA Donlon et al., 2012). As

coupled simulations are configured to represent present day climate, OSTIA data from 1979 to 2016 is used.
2.2 Met Office Unified Model and experiments

The MetUM Global Atmosphere 6.0 (GA6; Walters et al., 2017) and Global Coupled 2.0 configuration (GC2; Williams et al.,
2015) are used. GA6 includes a relatively new dynamical core, which significantly increases mid-latitude variability and

increases variability in the tropics. GC2 couples GA6 with with an ocean model (Nucleus for European Modelling of the
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Ocean (NEMO); Madec, 2008) and a sea-ice model (the Community Ice CodE and the Los Alamos Sea Ice Model (CICE);
Hunke and Lipscomb, 2004) via the coupler OASIS3 (Valcke, 2013) of 3 hourly frequency. GC2 showed an improvement over
previous configurations, particularly in terms of modes of variability, e.g., mid-latitude and tropical cyclone intensities, the
Madden-Julian Oscillation and El Nifio Southern Oscillation (Williams et al., 2015).

Six MetUM simulations are used, which can be grouped into three pairs. Each pair includes an atmosphere-only simulation
(A) and a coupled simulation (C), which have the same atmospheric resolution. Three resolutions are used, 192 longitude points x
145 latitude points (N96), 432 x 325 (N216) and 1024 x 769 (N512). Therefore, six simulations used here are denoted as AN96,
CN96, AN216, CN216, AN512 and CN512. The equivalent atmospheric grid spacing in longitude at the equator is 200km,
90km and 40km, respectively. The atmosphere model has 85 hybrid height levels in the vertical covering 0-85km. The ocean
model uses 75 vertical levels and the ORCAO2S5 tri-polar grid which has 0.25° resolution at the equator. Periods of simulation
are listed in Table 1. Simulations match the period of ERA-Interim, except for the N512 simulations, which have a shorter

simulation period.
2.3 Water Accounting Model-2layers

WAM-2layers is a moisture tracking model developed by van der Ent et al. (2013, 2014). WAM-2layers is based on the atmo-
spheric water conservation equation and combines information from precipitation, evaporation, atmospheric circulation and
moisture to determine sources or sinks of moisture originating from a specified region. In this study, WAM-2layers is applied
to backward trace moisture sources for regional precipitation over EA in both ERA-Interim reanalysis and MetUM simula-
tions. Daily precipitation in the target EA region is fed into WAM-2layers, which is integrated backward using circulation and
humidity data on model/pressure levels. The domain and magnitude of the moisture source are calculated using the point of
last evaporation for precipitation falling in the target regon. A detailed description about WAM-2layers and its setup over EA
is given in Guo et al. (2019). As EA crosses several climatic zones and has inhomogeneous hydrological features, EA is first
divided into five subregions according precipitation minus evaporation and topography (Figure 1). These regions are southeast-
ern EA (region 1), Tibetan Plateau (region 2), central-eastern EA (region 3), northwestern EA (region 4) and northeastern EA

(region 5). A similar division has been used in Guo et al. (2018), where detailed discussion about the division is given.

3 Differences to observation/reanalysis
3.1 Precipitation

Figure 2 shows annual mean EA precipitation in APHRODITE, MetUM ANO96 and ERA-Interim, and biases of AN96 and
ERA-Interim against APHRODITE. AN96 (Figure 2b) captures the major features of precipitation over EA, i.e., the south-
north precipitation gradient, the precipitation maxima over the Sichuan Basin and southeastern China. However, compared
to APHRODITE (Figure 2c), AN96 overestimates precipitation over the Tibetan Plateau, the Sichuan Basin and southeastern

China, but underestimates precipitation over the southern slope of the Himalayas. There are also biases over southern Asia, i.e.,
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the Indian Peninsula, Bangladesh and the Indochina Peninsula. These biases are also common in other MetUM simulations and
have been reported in previous studies (e.g., Stephan et al., 2018a). Comparing ERA-Interim to APHRODITE, Figure 2e shows
that ERA-Interim overestimates precipitation over southwestern China and the Tibetan Plateau. These biases in ERA-Interim
will affect the accuracy of the moisture source calculations over these regions. However, using ERA-Interim precipitation re-
mains as only option because it is physically consistent with other ERA-Interim variables, i.e., wind, humidity and evaporation,
therefore offers a reasonably closed water budget for WAM-2layers.

These biases are also reflected in seasonal and regional means over EA subregions (Figure 3). Both ERA-Interim and Me-
tUM simulations overestimate precipitation over southeastern EA (region 1), with biases in MetUM being larger. Precipitation
over the Tibetan Plateau (region 2) is also overestimated in ERA-Interim and MetUM. With increased resolution, biases in sim-
ulations reduce, especially with comparing from low (N96) to medium resolution (N216). A detailed analysis of the resolution-
related changes in moisture sources is discussed in Section 4.1. Biases over regions 3 and 4 are smaller in coupled simulations
compared to atmosphere-only simulations, especially in JJA and in medium and high-resolution simulations. This difference is
due to a weak western North Pacific subtropical high (WNPSH) is in the coupled simulations (not shown). The weak WNPSH
reduces moisture transport from low latitudes (region 1) to mid latitudes (regions 3 and 4), which therefore reduces the positive
biases (Figure 4f, h). This weak WNPSH has also been identified in previous studies (e.g., Rodriguez et al., 2017). To further

investigate these biases, moisture sources of simulated EA precipitation are traced and compared to ERA-Interim.
3.2 Moisture source

Figure 4 shows the annual mean moisture sources and the vertically integrated moisture fluxes for five EA subregions using
ERA-Interim. The differences between AN96 and ERA-Interim are also shown in Figure 4. Compared to ERA-Interim, AN96
transports less moisture from low latitudes but more from middle latitudes for all EA subregions. These differences are largely
associated with differences in moisture fluxes (Figure 4b, d, f, h and j). In AN96, the cross-equatorial flow along the Somali Jet
is too weak, but the mid-latitude westerlies is too strong. The moisture flux over region 1 is too zonal, which is consistent with
a weak WNPSH, illustrated as a cyclonic moisture flux anomaly shown on Figure 4b. These differences cause less moisture
to be transported from low latitude to middle latitude and reduced moisture contribution from southern China to regions 3, 4
and 5 in AN96 (Figure 4f, h and j). Over the Tibetan Plateau, AN96 transports less moisture than ERA-Interim over the whole
source domain, except eastern Tibet. This indicates that the simulated precipitation over the Tibetan Plateau in AN96 relies
more on local sources but less on remote sources.

The contribution of local moisture to precipitation is measured using the precipitation recycling ratio, defined as the propor-
tion of precipitation in the target region that is contributed by the evaporation over the same region. Figure 5 shows the annual
cycle of the precipitation recycling ratio for five EA subregions. The simulations can reproduce the annual cycles over regions
1, 3 and 4 (Table 2), but overestimate the recycling ratio over regions 2 (summer and autumn) and 5 (spring and autumn).

The simulated and ERA-Interim remote moisture sources are compared using its shape. To assist comparison, instead of
showing maps of seasonal moisture source, the mass centres of the moisture sources from the simulations and ERA-Interim

are compared collectively in Figure 6. Figure 6 shows the mass centres for all five regions in DJF and JJA. The mass centres
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are measured using the moisture source regions that account for 80% of precipitation in the target regions, similar to those in
Figure 4. The mass centres were also measured using threshold at 50% and 65% of precipitation; the results are consistent and
not sensitive to the choice of threshold. As shown in Figure 6, the simulated mass centres show consistent seasonal variations
as in ERA-Interim. However, there are systematic differences between the simulations and ERA-Interim, as well as among the
simulations.

Over region 1 in JJA (coloured triangles in Figure 6a), the mass centres of simulated moisture sources are located approxi-
mately 5° north of the ERA-Interim mass centre. This difference is due to the weak cross-equatorial moisture transport from the
tropical Indian Ocean in all simulations, as shown in Figure 7e, which leads to an underestimation of the moisture contributions
from low latitudes. It indicates that the wet biases in JJA over region 1 in the simulations (Figure 3) are not necessarily linked
to excessive oceanic evaporation as one might naively think. In DJF (coloured circles in Figure 6a), however, the mass centres
of the simulated moisture sources are located 10° west of the ERA-Interim mass centre. Similar shifts are shown for regions
2 and 3 (Figure 6b, c). Compared to regions 1, 2 and 3 in JJA, the northward shift of the mass centres for regions 4 and 5 is
smaller (coloured triangles in Figure 6d, e). This is because regions 4 and 5 are situated over the mid-latitudes, therefore, the
tropical impacts associated with the EASM are less. In DJF over regions 4 and 5 (coloured circles in Figure 6d, e), simulated
mass centres are located east of the ERA-Interim mass centre, especially, for high-resolution simulations, CN216, AN512 and
CN512, wherein the eastward shift can be as large as 30°. To explain this difference, moisture sources for region 5 in DJF from
CN512 are compared to ERA-Interim (Figure 7f). In CN512, too much moisture originates from regions east of region 5, i.e.,
from the Seas of Japan and Okhotsk, but too little from regions west of region 5, especially, from the Mediterranean Sea, the
Red Sea and the Persian Gulf. This eastward shift is smaller in low-resolution simulations (AN96, CN96 and AN216). More
details are discussed in Section 4.3.

The remote moisture sources are further divided into four sections (tropical sea, tropical land, extra-tropical sea and extra-
tropical land). Together with the local source (measured as the precipitation recycling ratio), the contributions from these
sections are compared in Table 3. For the annual mean contribution, the simulations can reproduce the primary sources iden-
tified from ERA-Interim for all EA subregions, i.e., tropical sea for region 1 and extra-tropical land for regions 2, 3, 4 and 5.
On the other hand, for seasonal mean contributions, discrepancies between the simulations and ERA-Interim are large. Even
the primary sources are different between the simulations and ERA-Interim (as boldface values highlighted in Table 3). Since

these discrepancies are also sensitive to resolution and coupling, more details are discussed in Section 4.3.

4 Differences in moisture source due to model resolution and coupling

Comparisons in the previous section show that MetUM simulations have systematic biases against ERA-Interim in both pre-
cipitation and moisture sources. Despite increasing resolution and including coupling, these systematic biases between MetUM
simulations and ERA-Interim remain. However, there is evidence to show that precipitation and moisture sources are sensitive
to resolution and coupling. Therefore, these changes in moisture source are discussed here; links between changes in moisture

source and precipitation are also made in the section.
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4.1 Change with resolution

As shown in Figure 3b, over the Tibetan Plateau, the simulations have smaller precipitation biases against APHRODITE than
ERA-Interim, especially in MAM and JJA. From the perspective of moisture source (Figure 4d), this improvement is attributed
to the reduced remote contribution. Also shown in Figure 3b, increasing resolution reduces the mean precipitation bias over the
Tibetan Plateau. Similar results have also been found in previous studies (e.g., Curio et al., 2015), which showed that higher
resolution improves the representation of topography in models; steeper topography blocks remote moisture transport. On the
other hand, the local moisture contribution is enhanced with resolution (Figure 5b) because the steeper topography reduces the
outflow of local moisture. In MetUM simulations, the enhanced local moisture source is located over eastern Tibet (Figure 8a,
b and c). This is partly because eastern Tibet is wetter than western Tibet, partly because the north-south orientated valleys
over southeast Tibet are the major pathway for remote moisture. By reducing the remote contribution, the local contribution
becomes larger. This is demonstrated (Figure 8d) by the opposing trends in the tracked local evaporation over eastern Tibet

(increase) and the low-level wind along its southern boundary (decrease).
4.2 Change with coupling

To investigate impacts of coupling on moisture sources, we focus on region 1, where the oceans are the major contributors
(according to Table 3). Differences in moisture source over region 1 in JJA between coupled and atmosphere-only simulations
in different resolutions are shown in Figure 9. Regardless of resolution, coupled simulations always show consistent differences
against atmosphere-only simulations, which include a reduced moisture contribution from the Indian Ocean but an increased
moisture contribution from the Pacific Ocean. The reduced moisture contribution over the Indian Ocean is linked to the cold
SST bias over the Arabian Sea, as demonstrated in Figure 9d. This cold SST bias reduces local evaporation, which reduces
its contribution to precipitation over region 1. This cold SST bias has also been reported in previous studies with MetUM
(e.g., Marathayil et al., 2013). On the other hand, there is not a consistent SST bias associated with the increased moisture
contribution over the Pacific Ocean (Figure 9d). Instead, there is a consistent increase in the low-level wind in all coupled
simulations (Figure 9d). As mentioned in Section 3, this wind bias is due to the EASM flow being too zonal in all coupled
simulations. The positive low-level wind bias over the South China Sea intensifies local evaporation. Associated with this
wind bias is a weak WNPSH, which is demonstrated in Figure 9a, b and c as the cyclonic anomaly over the southeast coast
of EA. This cyclonic anomaly converges the enhanced evaporation over the same location and transports more moisture from
the South China Sea into region 1. As these two changes in moisture sources due to coupling show opposite signs and similar
magnitudes, when attributing them collectively to changes in precipitation, the differences of precipitation over region 1 in JJA
between atmosphere-only and coupled simulations are small (Figure 3a). However, it does not necessarily mean that changes

in SST, evaporation or circulation are also small.
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4.3 Shift of the major moisture source over mid-latidute regions

In Section 3.2, it has been mentioned that simulated mass centres for regions 4 and 5 shift eastward compared to ERA-Interim
and the shift is sensitive to resolution (Figure 6d, e). A similar division regarding resolution is shown in Table 3 as identifying
major moisture contributors to seasonal mean precipitation. In Table 3, moisture contribution from different remote sections
(tropical sea, tropical land, extra-tropical sea and extra-tropical land) and local source are estimated. On annual scales, the major
moisture source for region 1 is tropical sea, but it is extratropical land for other regions. The results are consistent between
simulations and ERA-Interim. On seasonal scales, however, major sources identified from simulations and ERA-Interim are
inconsistent for regions 4 and 5 in DJF. For regions 4 and 5 in DJF, the major moisture source shifts from extratropical land to
extratropical sea in ERA-Interim (boldface values in Table 3). This shift is partly due to the reduced evapotranspiration over
the frozen Eurasian land surface, and partly due to the enhanced moisture transport along the intensified winter mid-latitude
westerly jet that transports moisture from the Mediterranean Sea, the Black Sea and the Caspian Sea (Guo et al., 2019). As
shown in Table 3, this shift from land to sea is captured by simulations with higher resolutions, CN216, AN512 and CN512.
However, there is no evidence for improvements in mean precipitation over regions 4 and 5 in DJF (Figure 3d and e). On the
contrary, maps of moisture source over region 5 in DJF show that all simulations are systematically different from ERA-Interim
(Figure 10). Simulations receive less moisture from sources west of region 5 but more from sources east of region 5, which
explains the eastward shift of the mass centre in all simulations. The larger eastward shift in simulations with higher resolutions
is due to the stronger positive source biases over the Seas of Japan and Okhotsk.

Since this bias originates from the ocean, SST biases between simulations and observation are shown in Figure 11 for
different resolutions. With increase in resolution to N216 and N512, the positive SST bias over the Sea of Japan increases, and
the sign of SST bias over the Sea of Okhotsk switches from negative to positive. These positive SST biases in higher resolution
simulations increase biases in local evaporation, which causes the positive moisture source biases over these regions in higher
resolution.

SST biases explain the eastward shift of mass centres in higher resolution coupled simulations, such as CN216 and CN512.
However, it cannot explain the shift in AN512 where there is no SST bias involved. Note that there is a similar but weaker
moisture source change over the Seas of Japan and Okhotsk in all atmosphere-only simulations; this positive source change

1

increases with resolution. Considering that precipitation over region 5 in DJF is small (0.2 mm -day ™~ as shown in Figure 3e),

this positive source change with resolution eventually shifts the major moisture source in AN512.
5 Discussion and conclusion
5.1 Discussion

We use ERA-Interim as a benchmark to compare moisture sources traced from simulations. As shown in Figures 2 and 3, ERA-
Interim precipitation has its own bias compared to APHRODITE. We choose to trace ERA-Interim precipitation over observed

precipitation because it is physically consistent with other ERA-Interim variables used in WAM-2layers. Therefore, the water
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budget can be reasonably closed. Besides, ERA-Interim precipitation over EA shows the highest fidelity among reanalyses in
terms of reproducing the mean and interannual variability of EA precipitation (Lin et al., 2014; Su et al., 2015).

The length of simulations for N512 is shorter than other simulations (Table 1). This may cause inconsistency when comparing
results from different resolutions. Only one ensemble member per simulation is used in this study. Therefore, the robustness of

the results will need further test when more ensemble members are available.
5.2 Conclusions

In this study, moisture sources of EA precipitation simulated by MetUM are traced using WAM-2layers and compared to
ERA-Interim. The purposes of this study are: first, to link systematic biases in simulated EA precipitation to biases in moisture
sources; second, to investigate sensitivities of moisture sources to model atmospheric horizontal resolution and air-sea coupling.
Six MetUM simulations are used, AN96, CN96, AN216, CN216, AN512 and CN512, which denote atmosphere-only (A) and
air-sea coupled (C) simulations at three resolutions.

MetUM simulations can reasonably capture patterns of EA precipitation but show systematic biases against observation
regardless of resolutions or coupling. These biases include overestimations over southeastern China and the Tibetan Plateau
and underestimations over the southern slope of the Himalayas. Simulated precipitation is sensitive to both resolution and
coupling. However, systematic errors in precipitation between simulations and observations cannot be eliminated with either
resolution or coupling.

Moisture sources traced from simulations agree with those from ERA-Interim in terms of the seasonal cycles of local
moisture contribution and mass centres. However, systematic differences in moisture sources between simulations and ERA-
Interim are noticeable. Simulated precipitation over southeastern EA (region 1) have smaller contributions from tropical oceans
but more from mid-latitude sources, which is due to a weak cross-equatorial moisture flux over the Indian Ocean. For the same
reason, all simulated mass centres of region 1 are situated north of the mass centre in ERA-Interim, especially in JJA. Although
the mean precipitation biases are small for mid-latitude EA regions (regions 4 and 5), simulated mass centres, however, are
situated east of the mass centre in ERA-Interim, especially in DJF. This is because moisture in simulations originates from the
Pacific Ocean for precipitation over mid-latitude EA, while it mainly originates from the Mediterranean Sea and the Atlantic
Ocean in ERA-Interim. Simulated precipitation over the Tibetan Plateau has smaller biases compared to ERA-Interim, which
is manifested as a reduced remote contribution but an enhanced local contribution in moisture sources.

Although increasing resolution can not eliminate systematic errors in precipitation between MetUM simulations and ERA-
Interim, improvements are noticeable, especially over the Tibetan Plateau. Better representation of topography at higher res-
olutions reduce remote moisture contribution and enhance local moisture contribution. This change is more noticeable over
the eastern Tibetan Plateau, where the sruface is wetter and the remote moisture can enter its southern boundary along the
north-south orientated valleys.

EA precipitation is not necessarily improved with coupling. However, the moisture sources associated with EA precipita-
tions can still be changed. For example, although differences in precipitation with coupling over region 1 in JJA are small, a

negative moisture source change over the Arabian Sea and a positive change over the South China Sea are found in all cou-
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pled simulations. These changes are associated with changes in SST and circulation that are introduced by including air-sea
coupling. These changes in moisture sources have different signs, therefore, the collective impact on precipitation over a target
region cannot necessarily be detected through analysis of mean precipitation alone. However, this study shows the usefulness
of WAM-2layers in identifying model biases in a range of variables that relate to precipitation, and evaluating the sensitivity
of those biases to changes in model resolution or physics.

Simulations at higher resolutions capture a seasonal shift of the major moisture contributor over regions 4 and 5 in DJF,
in which the major contributor shifts from mid-latitude land to mid-latitude ocean. In reanalysis, this shift is caused by a
reduced land surface evapotranspiration and an enhanced moisture transport via mid-latitude westerlies from oceans west of
the target regions. However, none of the simulations can reproduce this mechanism. Instead, shifts in simulations are caused
by an increasing moisture source over the Pacific, which is related to the increase in resolution.

In summary, we have shown in this study that, to better understand precipitation biases in simulations, it is necessary to go
a step further by connecting precipitation biases to biases in other related variables using a moisture tracking tool that is built
upon the atmospheric moisture conservation equation. We have also shown that the WAM-2layers is suitable candidate for this
purpose. Especially, for its computational efficiency, it can be readily applied simulations with large ensembles and resolutions,

such as, the Coupled Model Intercomparison Project Phase 6.
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Figure 1. (a) Annual mean precipitation minus evaporation (P — E), calculated using the ERA-Interim reanalysis during 1979-2016, units:

m/year; (b) Topography over the EA landmass, units: m. Boxes 1-5 in (a) indicate subregions over EA. This is reproduced from Guo et al.
(2018).
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Figure 4. Annual mean moisture source for EA subregions (a, c, e, g and i, units: mm - month ") and vertically integrated moisture flux
(vector, units: m®-s ') calculated from ERA-Interim. The moisture source region that accounts for 80% of precipitation is shown. Difference
in annual mean moisture sources between AN96 and ERA-Interim (b, d, f, h and j). Units: mm - month~!. Differences that are significant at

the 1% level are hatched. The black box in each panel indicates the target region.
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Figure 6. Mass centres of moisture source in DJF and JJA for regions 1-5 from ERA-Interim and MetUM simulations.
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Figure 7. Moisture sources during JJA for region 1 from ERA-Interim (a) and AN96 (c). Moisture sources during DJF for region 5 from

ERA-Interim (b) and CN512 (d). Difference of moisture sources in region 1 JJA (e) between AN96 and ERA-Interim (f) between CN512

and ERA-Interim. Units: mm - month™". The black box in each panel represents the target regions. Details of the division can be found in

Figure 1. Differences that are significant at the 1% level are hatched.
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Figure 8. Differences of tracked evaporation (colour, units: mm - month ™) and 700 hPa wind (vector, units: m-s~') in JJA over Tibetan

Plateau (region 2) between (a) CN512-AN96, (b) CN512-CN216 and (c) CN216-CN96. (d) Seasonal mean tracked evaporation (E_track,

m> - month™!) over eastern Tibet and the 700 hPa meridional wind (V-wind, m-s~') along the southern boundary of the eastern Tibetan

Plateau.
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Figure 9. Differences in moisture sources for precipitation over region 1 JJA between air-sea coupled and atmosphere-only simulations: (a)

CN96 minus AN96, (b) CN216 minus AN216 and (c) CN512 minus AN512. Units: mm - month ™', Vectors are differences in the vertically

integrated moisture flux, units: kg - m~*

and sea surface temperature anomaly from ERA-Interim and OSTIA (filled bar, units: K) over the Arabian Sea (AS) and South China Sea

(SCS).
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Figure 10. Differences in moisture sources for region 5 in DJF. Units: mm/month.
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Figure 11. SST bias in MetUM coupled simulation in DJF against OSTIA. Units: K.
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Table 1. Simulations used in this study.

Simulation Atmosphere Ocean Period

horizontal vertical  horizontal  vertical

AN96 1.875 x 1.25 L85 - - 1982-2012
CN96 1.875x 1.25 L85 0.25 L75 31yr present day
AN216 0.56 x 0.83 L85 - - 1982-2012
CN216 0.56 x 0.83 L85 0.25 L75 31yr present day
ANS512 0.35 % 0.23 L85 - - 1992-2012
CN512 0.35x0.23 L85 0.25 L75 21yr present day
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Table 2. Root-mean-square deviation of monthly precipitation recycling ratio (%) measured between MetUM simulations and ERA-Interim

over five EA subregions.

AN96 CN96 AN216 CN216 ANS512 CN512

cnl 1.8 1.8 1.7 2.0 2.0 1.9
cn2 52 4.8 6.4 6.6 49 6.3
cn3 1.7 1.6 1.8 1.3 1.5 1.3
cn4 1.4 1.6 1.3 1.5 1.8 1.7
cnd 4.6 5.0 53 33 2.8 4.0
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Table 3. Annual and seasonal mean contributions to regional precipitation (regions 1-5, units: %) from the tropical ocean (T), tropical

land (T)), extratropical ocean (Xs), extratropical land (X)) and local precipitation recycling (p). The solstices latitudes (23.4°N and 23.4°S)

are used to separate the tropics and the extra-tropics. In each column, seven values represent seven datasets, shown in the order as the

ERA-Interim, AN96, CN96, AN216, CN216, AN512 and CN512. Values with boldface highlight difference that is discussed in Section 4.3.

Region Season Tg Ty Xs X p

ET A9 C9 A2 C2 A5C5 ET A9C9 A2C2A5C5 ET A9 C9 A2C2A5C5 ET A9 C9 A2C2 A5C5 ET A9 C9 A2C2 A5C5

1 Ann 49 353539373940 111819141311 12 9 55 8101211 15252523232121 1616171617 17 16
DJF 4037 3641394239 152122151512 11 15 8 612151719 172323201917 18 141213131212 12

MAM 4336 34 39 38 41 40 152022151412 13 4 3 6 91110 20 252624242222 1415151614 14 15

JJIA 5536363937 3941 101717141211 13 6 4467 88 122626242524 22 171718171919 16

SON 47313337353636 8161813131112 13 9 911131514 12262221211920 20191818 181819

2 Ann 25 9 9 9101010 6564433 7 4 4 8101312 3048 47 44 40 38 40 3134343637 3635
DJF 27222224222322 101214 8 7 4 5 17 9 918253231 34424135322726 121514151514 16

MAM 1711 911131313 6 785544 8 4 4 7121615 3444 4540353232 34 343436353536

JJIA 286 6 66 77 6 342222 633561838 305352504747 48 31353536383735

SON 2810101111 1110 8574543 559111413 26 394034 3329 31 32413943414243

3 Ann 28 18141916 16 20 710 8 7 6 4 7 12 7 7101316 14 435761 53555551 10 910101010 9
DJF 192118201817 15 101415 9 9 5 5 3011122028 3634 3145464034 3337 10 8 91111 9 9

MAM 211712161313 17 911 9 8 5 4 5 9 55 8131614 52 58 64 58 59 59 56 9 91010 9 9 8

JJIA 3320162219 1824 6 978547 96 78911 9 425761 53575851 10 8 9 910 9 8

SON 22131014 131315 5786645 20121016 20 24 22 4157 6051494747 1211121313 1211

4 Ann 159 88 889 46 6 4323 11 6 610141716 546364 61 58 5755 1717171716 1516
DJF 151111111110 10 6 910 6 4 2 3 3314 132538 46 45 3958 58 51403537 6 8887 66

MAM 11 9 6 810 911 5775333 10 559161918 58 63 64 62 56 54 54 1716181716 15 14

JJIA 16 8787 69 4443223 64468 910 5564 65 62 63 64 59 20202020201920

SON 151010 910 9 9 5784443 17 9 815182223 5062 6259 56 53 52 131212131212 13

5 Ann 1476777178 3332222 15 8 811141616 58 69 70 65 65 62 61 111414141314 13
DJF 8 545444 3443211 49 28 32 39 54 56 54 34 54 49 44 34 28 31 7 91110 610 9

MAM 9333555 3232212 14 6 6 8141615 62717167 68 62 63 121717191116 15

JJIA 18 8 710 8 910 3333223 96 67799 597072 67 69 67 66 111313131314 12

SON 10555558 2222212 25131116 202526 54 66 67 62 58 5553 9141414141312

28



