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Abstract Previous observational studies have found a persistent maximum in stratospheric water
vapor (SWV) in the upper troposphere lower stratosphere (UTLS) conﬁned by the upper-level anticyclone
over the Asian summer monsoon region. This study investigates the simulation of SWV in the Community
Earth System Model, version 1 with the Whole Atmosphere Community Climate Model as its atmospheric
component [CESM1(WACCM)]. CESM1(WACCM) generally tends to simulate a SWV maximum over the
central Paciﬁc Ocean, but this bias is largely improved in the high vertical resolution version. The high
vertical resolution model with increased vertical layers in the UTLS is found to have a less stratiﬁed UTLS
over the central Paciﬁc Ocean compared with the low vertical resolution model. It therefore simulates a
steepened potential vorticity gradient over the central Paciﬁc Ocean that better closes the upper-level
anticyclone and conﬁnes the SWV within the enhanced transport barrier.
1. Introduction
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Both satellite and aircraft measurements show that tracer constituents exhibit localized extrema in the upper
troposphere lower stratosphere (UTLS) over the Asian and North American monsoon regions during boreal
summer, such as maxima of tropospheric species-like methane (Park et al., 2004), carbon monoxide (CO; Garny
& Randel, 2016; Li, Jacob, et al., 2005; Li, Jiang, et al., 2005; Pan et al., 2016), and stratospheric water vapor
(Dessler & Sherwood, 2004; Gettelman et al., 2004; Milz et al., 2005; Park et al., 2007; Rosenlof et al., 1997;
Randel et al., 2015, 2001; Zhang et al., 2016), and minima of stratospheric species-like ozone (Gettelman et al.,
2004; Park et al., 2008, 2007; Randel & Park, 2006; Randel et al., 2001). Among these chemical constituents in
the UTLS, stratospheric water vapor (SWV) is important due to not only its radiative forcing on surface climate
(Forster & Shine, 1999; Maycock et al., 2013; Solomon et al., 2010) but also its chemical eﬀects on stratospheric ozone (Dvortsov & Solomon, 2001) and chlorine activation reactions (Anderson et al., 2012; Solomon
et al., 2016). The importance of a realistic representation of the SWV over the Asian summer monsoon region
in atmospheric models has been emphasized in simulating troposphere-stratosphere exchange correctly
(Bannister et al., 2004; Dethof et al., 1999; Ploeger et al., 2013). Additionally, chemical species-like SWV also
provide a complementary perspective on the upper-level monsoon circulation dynamics (Garny & Randel,
2013; Park et al., 2009; Ryu & Lee, 2010). However, models perform poorly in terms of their simulation of SWV
(Jiang et al., 2012; Takahashi et al., 2016). Considerably large model biases in the simulations of SWV are found
among models that participated in the Phase 5 of Coupled Model Intercomparison Project (CMIP5). There
exists both wet and dry biases, ranging from 1% to about 200% at 100 hPa based on the multiyear mean vertical proﬁles of H2 O in CMIP5 models. Eight out of 19 CMIP5 models evaluated in Jiang et al. (2012) diﬀer from
the observed SWV at 100 hPa by more than 30%.
Previous studies have investigated the dynamical processes inﬂuencing the SWV over the Asian summer
monsoon regions. It has been suggested that chemical tracers vertically transported by convection over the
monsoonal region can reach the convective outﬂow level near 12 km (Folkins et al., 2000; Gettelman & Forster,
2002), and part of them are lifted subsequently by slow upward motion to 100 hPa and above (Park et al., 2008,
2009, 2007; Uma et al., 2014). As demonstrated in model experiments of Bergman et al. (2013) and Pan et al.
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(2016), air parcels likely enter the UTLS through a vertical conduit between the center of the Asian monsoon
anticyclone (AMA) and the strongest convective activity and are then circulated but conﬁned within the monsoon anticyclonic ﬂows associated with steepened geopotential height and potential vorticity (PV) gradients
(Dethof et al., 1999; Dunkerton, 1995; Jackson et al., 1998; Park et al., 2007; Ploeger et al., 2017, 2015). The
promoted gradients are characterized as a barrier to suppress horizontal transport across gradients (Bergman
et al., 2013; Garny & Randel, 2013; Li et al., 2005; Park et al., 2008; Ploeger et al., 2017, 2015; Randel & Park,
2006; Rosenlof et al., 1997) and conﬁne the slowly rotating air parcels within the AMA.
Both observational and modeling studies have been done to investigate the eﬀects of monsoon convection
on SWV. Dessler and Sherwood (2004) and Schwartz et al. (2013) proposed that the penetration by overshooting deep convection contributes to a wetter tropopause, implying that the monsoon deep convection
susceptibly has a moistening eﬀect in the UTLS. However, overshooting convection occurs irregularly, and
the prominent center of deep convection is not colocated with but rather on the southeastern side of the
SWV maximum (see Figure 2 in Park et al. (2007) and Figure 2a in Randel et al. (2015)). These facts cast doubts
on this mechanism. Recently, Wright et al. (2011) and Randel et al. (2015) suggested that the large-scale circulation and the temperature on the southern side of the AMA play a dominant role in controlling the SWV
over the Asian summer monsoon region, and in particular, they found that the stronger (weaker) the convection, the colder (warmer) the subtropical temperature, the dryer (wetter) the SWV at 100 hPa. This serves as
a dehydration mechanism, which is governed by adiabatic cooling during the convection-driven upwelling
and subsequent freezing out following the Clausius-Clapeyron relationship. The linear regression analysis
between circulation and SWV variations at 100 hPa in observations shows an anomalous upper-level anticyclonic ﬂow pattern during anomalous dry events, implying that dry UTLS is accompanied by an intensiﬁed
AMA, which corresponds to a stronger monsoonal convection (Gill, 1980; Rodwell & Hoskins, 1996), and vice
versa. Randel et al. (2015) suggested that the temperature on the southern side of the AMA acts as a key link
between the large-scale circulation and SWV. Schoeberl and Dessler (2011) and Kim et al. (2013) commented
that small temperature variance can signiﬁcantly aﬀect the SWV, that is, a 4∘ K temperature change at 100 hPa
could induce 60% (approximately 3 ppmv) variation of SWV following the Clausius-Clapeyron relationship.
Both radiosonde measurements and model experiments indicate that convection exerts a cooling eﬀect in
the AMA region, which is associated with radiative cooling, cold air entrainment, and equatorial wave propagation in the upper troposphere (Gage et al., 1991; Gettelman & Forster, 2002; Highwood & Hoskins, 1998;
Kim et al., 2018; Kuang & Bretherton, 2004; Norton, 2001; Park et al., 2007; Randel & Wu, 2005; Sherwood et al.,
2003; Tsuda et al., 1994; Zhou & Holton, 2002). Therefore, the dehydration mechanism suggests that enhanced
convection substantially dehydrates the air, as opposed to the moistening eﬀect by overshooting convection.
Previous studies mostly examined the simulations of area-averaged SWV (Hardiman et al., 2015; Inness et al.,
2001; Roeckner et al., 2006), generally in the deep tropics; however, a detailed investigation of the spatial distributions over the summer monsoon regions has not yet been performed. More speciﬁcally, the questions
we aim to address in this study are as follows: (1) How good is SWV simulated in the Whole Atmosphere Community Climate Model (WACCM) experiments? (2) What causes the biases in the simulation of SWV? and (3)
Several studies have emphasized the importance of increased model vertical resolution in capturing many
critical UTLS processes (Abalos et al., 2013; Charlton-Perez et al., 2013; Gettelman et al., 2010; Inness et al., 2001;
Kim et al., 2013; Lindzen & Fox-Rabinovitz, 1989; Pope et al., 2001; Roeckner et al., 2006; Richter et al., 2014;
Wang et al., 2013); therefore, will increased model vertical resolution promote an improved representation of
the monsoon signature on the SWV? The remainder of the paper is organized as follows: section 2 describes
the model experiments and observational data; section 3 presents the model evaluation of both SWV and CO
and proposes the underlying mechanism for the model biases. Summary and discussions are in section 4.

2. Data and Methods
2.1. WACCM Experiments
The Community Earth System Model version 1 (CESM1; Hurrell et al., 2013 WACCM includes interactive atmosphere, ocean, land, and sea ice components (Marsh et al., 2013; Mills et al., 2016). WACCM is one of the
high-top state-of-the-art chemistry-climate models, integrating the atmospheric physics and chemistry from
the surface to nearly 140 km. Two model conﬁgurations with almost identical model setups but diﬀerent
vertical resolutions are examined in this study: CESM1(WACCM)-L70 (hereafter L70) with 70 vertical levels
and CESM1(WACCM)-L110 (hereafter L110) with 110 vertical levels, both with horizontal resolution of 0.95∘
latitude × 1.25∘ longitude (∼100 km). The vertical resolution in the midtroposphere and lower stratosphere is
WANG ET AL.
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about 1.2/0.5 km in the L70/L110 (see Figure 1). The two models include
improved physics processes, convective parameterizations, and fully interactive chemistry modiﬁed from the Community Atmosphere Model,
version 5 (Mills et al., 2016; Neale et al., 2010). The orographic and nonorographic gravity waves drag (GWD) parameterizations are almost identical
in L70 and L110 following Richter et al. (2010). The parameter tuning
of GWD is modiﬁed as a result of reﬁned vertical resolution following the Stratosphere-troposphere Processes And their Role in Climate
Quasi-Biennial Oscillation initiative protocol (Butchart et al., 2018). L70 and
L110 are coupled to the biogeophysical and biogeochemical parameterizations and numerical implementation of version 4.5 of the Community
Land Model (Oleson et al., 2013). Most of the details about L70 are documented in Mills et al. (2017), and the details of L110 are described in
Butchart et al. (2018). The climatological simulations averaged over June,
July, and August spanning the range from 1979 to 2014 in both models
are compared.
Figure 1. Vertical grid spacing in kilometers as a function of height used in
the Community Earth System Model version 1(Whole Atmosphere
Community Climate Model) simulations with 70 vertical levels (asterisks) and
110 vertical levels (plus signs) from the surface to 50 hPa. L70 = 70 vertical
levels; L110 = 110 vertical levels.

Both the L70 and L110 are fully coupled ocean-atmosphere experiments,
and the diﬀerence between the two reveals the impact due to solely
vertical resolution. In addition to the coupled model, L110 forced with
prescribed sea surface temperatures and sea ice properties based on the
Atmospheric Model Intercomparison Project (AMIP) experiment (Taylor
et al., 2012) is also examined here. Additionally, two experiments subject to the same settings but with
diﬀerent boundary conditions using CESM1(WACCM4), which participated in the Chemistry Climate Model
Initiative (CCMI) experiments (Eyring et al., 2013; Morgenstern et al., 2017) with nudged Quasi-Biennial
Oscillation, are used. One integration is an AMIP-style (CCMI-AMIP) run, whereas the other is a coupled
ocean-atmosphere run (CCMI-Coupled). WACCM4 has a horizontal resolution of 1.9∘ latitude × 2.5∘ longitude
and 66 layers in the vertical (Garcia et al., 2017; Marsh et al., 2013; Tilmes et al., 2016) and is the high-top
version of Community Atmosphere Model, version 4. The information of WACCM experiments with diﬀerent
conﬁgurations evaluated in this study are summarized in Table 1.

2.2. Microwave Limb Sounder Water Vapor
We analyze the water vapor measurements derived from the Aura Microwave Limb Sounder (MLS) version 4.2
level 2 products (Livesey et al., 2018). The main development in MLS v4.2 water vapor retrievals is an improved
cloud detection methodology. MLS data are available from 2004 to present. Here we use the retrievals spanning the range from 2005 to 2014 to evaluate the performance of CESM1(WACCM) models. MLS provides H2 O
(water vapor volume mixing ratio in parts per million by volume) with vertical resolution around 3 km in the
UTLS. The uncertainties in H2 O measurements are about 20% near the upper troposphere (215 hPa) and 10%
at the UTLS (100 hPa) in the tropics and midlatitudes (Jiang et al., 2012, 2015).
Table 1
Characteristics of the Models Analyzed in the Study
Model

Vertical layers

Horizontal resolution

Period spanned

CESM1(WACCM)-L70

70

1979–2014

CESM1(WACCM)-L110

110

0.95∘ latitude × 1.25∘ longitude
0.95∘ latitude × 1.25∘ longitude

L110-AMIP

110

0.95∘ latitude × 1.25∘ longitude
1.9∘ latitude × 2.5∘ longitude

1979–2014

CCMI-AMIP

66

CCMI-Coupled

66

CESM1(WACCM4)

66

SC-WACCM4

66

SD-WACCM4

88

1979–2014
1979–2014

1.9∘ latitude × 2.5∘ longitude
1.9∘ latitude × 2.5∘ longitude

1979–2014

1.9∘ latitude × 2.5∘ longitude
1.9∘ latitude × 2.5∘ longitude

1950–2008

1950–2006
2005–2010

Note. CESM1 = Community Earth System Model version 1; WACCM = Whole Atmosphere Community Climate
Model; L70 = 70 vertical levels; L110 = 110 vertical levels; AMIP = Atmospheric Model Intercomparison Project;
CCMI = Chemistry Climate Model Initiative; SC = speciﬁed chemistry; SD = speciﬁed dynamics.
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Figure 2. The colors show the summertime SWV (ppmv) at 100 hPa from (a) MLS, (b) L70, (c) L110, (d) L70 weighted by
AK, and (e) L110 weighted by AK during 2005–2014, overlaid with the averaged horizontal winds (m/s) in vectors during
2005 to 2014 at that level. Winds in (a) are from ERAI and (b, d) and (c, e) are from L70 and L110, respectively.
SWV = stratospheric water vapor; MLS = Microwave Limb Sounder; ERAI = ERA-Interim; L70 = 70 vertical levels;
CESM1 = Community Earth System Model version 1; WACCM = Whole Atmosphere Community Climate Model;
L10 = 110 vertical levels; AK = averaging kernel.

2.3. ERA-Interim Meteorological Analyses
We use both daily and monthly meteorological analyses from ERA-Interim (ERAI) reanalysis (Dee et al., 2011),
including temperature and wind ﬁelds with horizontal resolution of 1∘ latitude × 1∘ longitude. Monthly ERAI
data during the overlapping time period as the WACCM experiments (1979–2014) are analyzed to validate
the model simulations of temperature and circulations. Both daily and monthly ERAI data of PV, temperature,
and circulations from 2005 to 2014 overlapping with MLS data are used for composite analysis.

3. Results
The analyses are mostly performed on the simulations at 100-hPa level. MLS observations show that the localized SWV maxima during boreal summer are primarily at 100 hPa (Randel et al., 2015; Zhang et al., 2016),
which is conﬁned by the AMA eﬀectively near 100 hPa (Randel & Park, 2006). Furthermore, Randel et al. (2015)
found that the climatology and variability of SWV were nearly identical on isentropic versus pressure levels.
Therefore, we choose the model levels nearest to 100 hPa in order to avoid uncertainties due to interpolation,
speciﬁcally 103 hPa in L70 and 102 hPa in L110. If not speciﬁed, the pressure levels in this study refer to the
nearest model levels. Temperature ﬁelds nearest to 200 hPa are also explored.
3.1. Simulation of Stratospheric Water Vapor Over the Asian Summer Monsoon Region
The boreal summer (June, July, and August) climatological distributions of 100-hPa water vapor in MLS data
and the L70/L110 simulations during 2005–2014 are shown in Figure 2. The model results are not sensitive to
the averaging time period (similar results are found during 1979–2014; not shown). The 100-hPa horizontal
circulation averaged during 2005–2014 is also shown in Figure 2. The circulation in Figure 2a shows the equatorial easterly, subtropical westerly, and the relatively strong meridional ﬂows acting together to encompass
the AMA center. The maxima SWV values (∼5.3 ppmv) at 100 hPa are clustered over the zonally elongated
domains of 20–35∘ N, 40–120∘ E, strongly coherent within the AMA but distant from the deep convection center in the Southeast Asia. The localized SWV maximum in observations exhibits a strong monsoon dynamical
signature.
Figures 2b and 2c show the multiyear mean SWV and circulation simulated in L70 and L110, respectively. To
better highlight the model performance as compared with observations, Figures 3a and 3b show the percentage diﬀerences in L70 and L110 relative to MLS observations. It is noteworthy that, in L70 (shown in Figure 2b),
the maximum (∼6.9 ppmv) is located over the central Paciﬁc (170∘ E to 170∘ W), and the secondary maximum
(∼6.5 ppmv) is located within the AMA. Although the overall magnitude of SWV over the continent is well
captured in L70, the wet bias over the central Paciﬁc (∼50%) signiﬁcantly exceeds the 10% range of uncertainty in MLS (shown in Figure 3a). The bias in SWV in L70, in particular that the maximum is located over the
WANG ET AL.
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Figure 3. Color shadings show the percentage diﬀerence in (a) L70 and (b) L110 with respect to the MLS measurements
during JJA 2005–2014. The black contours are the MLS SWV as in Figure 2a with contour interval of 0.4 ppmv. L70 = 70
vertical levels; L110 = 110 vertical levels; JJA = June, July, and August; MLS = Microwave Limb Sounder;
SWV = stratospheric water vapor.

ocean rather than the continent, is surprising given the current understanding of the AMA dynamics (Qu &
Huang, 2015; Rodwell & Hoskins, 1996) and the observed linkage between the AMA and SWV (Randel et al.,
2015). Compared with L70, L110 with increased vertical resolution and reﬁned GWD parameterizations shows
a signiﬁcant improvement in the simulation of SWV, particularly in terms of its spatial distribution. Figure 2c
displays a maximum of about 5.3 ppmv located within the AMA in L110, which is similar to observations
(Figure 2a). Comparing to the SWV in MLS, L110 has a dry bias (∼25%) poleward of 30∘ N (see Figure 3b). The
meridional velocity on the eastern ﬂank of the AMA decreases sharply from the continent to the ocean, which
helps the anticyclonic ﬂows close better in L110.
The eﬀects of the averaging kernels (AKs) on the simulated SWV at 100 hPa are checked. The details about the
MLS AKs are discussed in Livesey et al. (2018). Figure S1 in the supporting information displays the equatorial
MLS v4.2 AK that we applied to the simulations. Figures 2d and 2e show the SWV convolved with the AK from
L70 and L110, respectively. The weighted SWV shown in Figures 2d and 2e stay very close to what we have
seen in Figures 2b and 2c, which indicates that the inﬂuence of AK is small in the subtropics.
In addition to the SWV diﬀerence, discrepancies are also found in the temperatures and circulations in L70 as
shown in Figure 4a with respect to the summer climatology (2005–2014) in ERAI reanalysis. There is a warm
bias over the continent and a cold bias over the central Paciﬁc Ocean (boxed regions in Figure 4; 15–30∘ N,
170∘ E to 170∘ W) in L70, and the anomalous westerlies exist along the entire subtropics in L70 as compared
with those in ERAI reanalysis and L110 (Figures 4a, 7a, 7b, and 9a). The eastern branch of the AMA is found
extending eastward to the central Paciﬁc Ocean, which we claim is responsible for the poor simulation of the
SWV (to be discussed). The biases of temperatures, especially the cold center over the central Paciﬁc Ocean,
are reduced in L110 as compared with L70 (see Figure 4b).
Though both L70 and L110 presented above are coupled models, the side-by-side comparisons of coupled
runs with their atmosphere-only counterparts indicate that the performance of simulated SWV and circulation
around 100 hPa is insensitive to boundary conditions. As depicted in Figure S2, the simulation of AMIP-style
L110 (Figure S2a) closely resembles the structure of coupled runs (Figure S2c) and observations. Compared
with coupled L110, the dry bias over the continent is improved and the AMA is better closed in AMIP-style
L110. Meanwhile, the common deﬁciencies can be seen in both the AMIP-style (Figure S2b) runs and coupled
runs (Figure S2d) from the WACCM4 CCMI experiments, notably with the SWV maximum shifted eastward and
circulations extended to the Paciﬁc Ocean. This suggests that the diﬀerences in SWV simulations are likely
WANG ET AL.
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Figure 4. Color shadings and vectors represent the diﬀerence in the 100-hPa temperature (K) and the diﬀerence in the
100-hPa horizontal wind ﬁelds (m/s) in (a) L70 and (b) L110 with respect to the ERAI reanalysis from 2005 to 2014. The
black boxes outline the domains (15–30∘ N, 170∘ E to 170∘ W) in which large temperature diﬀerences are found. L70 = 70
vertical levels; ERAI = ; ERA-Interim; L110 = 110 vertical levels.

due to the model vertical resolution and reﬁned GWD parameterizations and not to diﬀerences in boundary
conditions.
Moreover, other conﬁgurations of WACCM4 that are available are also studied (see Table 1 and Figure S3), that
is, CESM1(WACCM4) in the CMIP5 archive, speciﬁed chemistry (SC)-WACCM4 (Smith et al., 2014), and speciﬁed dynamics (SD)-WACCM4 (Kunz et al., 2011; Lamarque et al., 2012). The speciﬁc humidity (kg/kg) outputs
from these models are converted to the water vapor volume mixing ratio by multiplying 1.61 (ppmv/ppm).
The CESM1(WACCM4) (Figure S3a) and SC-WACCM4 (Figure S3b) look remarkably similar to each other, but
both unrealistically simulate the SWV maximum over the Paciﬁc Ocean. The SD-WACCM4 is nudged toward
the Goddard Earth Observing System, Version 5 meteorological analysis (i.e., horizontal wind and temperature ﬁelds) of NASA’s Global Modeling and Assimilation Oﬃce (Arnone et al., 2014; Lamarque et al., 2012;
Rienecker et al., 2011). The SD-WACCM4 similarly shows a maximum of SWV over the central Paciﬁc Ocean
(see Figure S3c), and this bias is also found in the Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis speciﬁc humidity (not shown). The biased SWV in SD-WACCM4 is likely attributed
to the unreliable temperature in MERRA reanalysis above 300 hPa (Jiang et al., 2012, 2015; Tian et al., 2013).
The temperature diﬀerences of MERRA compared with ERAI in the UTLS can be up to 2∘ K (see Fueglistaler
et al., 2013; Figure C3) and Bosilovich (2015, Figures 3 - 5). To sum up, the discrepancies are commonly found
in WACCM experiments with diﬀerent conﬁgurations.
In section 3.2, we will focus on the L70 and L110 and will provide a possible mechanism to explain the differences between the two, speciﬁcally the magnitude and spatial pattern associated with the Asian summer
monsoon circulation.
3.2. Mechanisms Underlying Diﬀerences in High and Low Vertical Resolution Models
3.2.1. Diﬀerences in Temperatures in High and Low Vertical Resolution Models
Since the SWV relies strongly on the UTLS temperature, we start by analyzing the temperatures between the
high and low vertical resolution models. Figures 5a and 5b show the temperature diﬀerences in L70 and L110
at 100 and 200 hPa, respectively. It is noteworthy that salient temperature diﬀerence (∼1.5–3 K) between L70
and L110 lies over the central Paciﬁc Ocean at 100 hPa (see Figure 5a). Similar patterns are found averaging
from 1979 to 2014 (not shown). In L70, it is relatively cold over the subtropical central Paciﬁc (boxed regions
in Figure 5; 15–30∘ N, 170∘ E to 170∘ W) compared to L110. The cold bias is accentuated at higher levels above
100 hPa. However, the temperature diﬀerence in the subtropics shows the opposite sign in the levels below
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Figure 5. Color shadings represent the temperature diﬀerence (K) in L70 versus L110 at (a) 100 hPa and (b) 200 hPa from
2005 to 2014. The hatching in the right indicates where the diﬀerences are not statistically signiﬁcant at the 95%
conﬁdence level using the Student’s t test. The black boxes are the same as in Figure 4. L70 = 70 vertical levels;
L110 = 110 vertical levels.

140 hPa (see 200 hPa as an example, shown in Figure 5b). The zonal mean temperature diﬀerences between
the two models in a longer time period (1979–2014) are shown in Figure 6a. The dipole structure in the temperature diﬀerence suggests that the lower vertical resolution model is relatively warm in the free troposphere
and cool in the lower stratosphere, which is a robust result as found in other studies (Inness et al., 2001; Pope
et al., 2001; Roeckner et al., 2006; Richter et al., 2014). Similar temperature bias pattern can be found in L70
relative to ERAI (see Figure 6b). But this bias is largely reduced in L110 (see Figure 6c). In the Northern Hemisphere subtropics, the warm anomaly in L70 in the troposphere is largely due to the warm anomaly over the
Paciﬁc Ocean and the cold anomaly in the lower stratosphere is dominated by that over the Paciﬁc Ocean.
First, we explain the zonal mean temperature diﬀerence in the troposphere between L70 and L110 models. To do that, we compare the climatological outgoing longwave radiation and pressure velocity (𝜔) at
445 hPa between the two models. As shown in Figure S4, weaker outgoing longwave radiation associated with
stronger vertical ascent is seen in the western Paciﬁc in L70, indicating that the model with coarser vertical
resolution has stronger convective activities. Richter et al. (2014) also documented that the model with higher
vertical resolution can reduce the positive bias of precipitation over the Asian summer monsoon region. In
order to quantify the total diabatic heating (including radiative heating, sensible heating, latent heating, and
eddy heating ﬂux) released to the environment, the climatological apparent heat source Q1, which is the
residual of the heating budget of resolvable variables, is calculated following equation (S1; details in Text S1

Figure 6. Zonal mean temperature diﬀerence (K) in (a) L70 and L110, (b) L70 and ERAI, and (c) L110 and ERAI. The
hatching is the same as in Figure 5. L70 = 70 vertical levels; L110 = 110 vertical levels; ERAI = ERA-Interim.
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Figure 7. Diﬀerence in zonal mean zonal wind (m/s, color shading) between (a) L70 versus L110, (b) L70 versus ERAI,
and (c) L110 versus ERAI, respectively. The black contours with contour interval of 8 m/s represent the climatological
zonal mean zonal wind in L110 in (a) and the zonal mean zonal wind in ERAI in both (b) and (c). Solid contours are for
positive values, dashed for negative, and thick solid for zero. The hatching is the same as in Figure 5. L70 = 70 vertical
levels; L110 = 110 vertical levels; ERAI = ERA-Interim.

in the supporting information). As shown in Figure S5, the apparent heating averaged over the Paciﬁc Ocean
(170∘ E to 170∘ W) is stronger in the midtroposphere between 10∘ N and 20∘ N due to stronger convective activities in L70. Therefore, the warmer upper troposphere over the Paciﬁc Ocean can be explained by the stronger
heating associated with stronger convective activities in the coarser vertical resolution model.
In stark contrast, relatively strong cold bias appears in the lower stratosphere in L70 compared with L110
(Figure 6a) and is seen over the Paciﬁc Ocean (Figure 5a). Here we attribute the cold anomaly in the lower
stratosphere in L70 to stronger upwelling (see Figure S6). The wave-driven large-scale ascent in the tropical tropopause layer accompanied by adiabatic cooling is considered to play a dominant role in driving
the lower-stratospheric temperature. The upwelling is forced by both the extratropical and tropical waves
(Randel & Jensen, 2013). Extratropical stratospheric pumping and downward control mechanism associated
with wave dissipation in the subtropics could induce an upwelling in the tropical lower stratosphere (Chen &
Sun, 2011; Haynes et al., 1991; Garcia & Randel, 2008; Garny et al., 2011; Plumb & Eluszkiewicz, 1999; Randel &
Jensen, 2013; Reid & Gage, 1996; Taguchi, 2009), and the dissipation of waves is proportional to the strength
of the zonal mean zonal wind (Andrews et al., 1987; Calvo et al., 2010). Figure 7a shows the diﬀerences in
zonal mean zonal wind in the two models, and L70 has a stronger (∼2 m/s) and slightly equatorward shifted
subtropical jet compared with L110. This is consistent with the larger meridional temperature gradient in the
tropics (Figure 6a) and also the overall larger SWV (Maycock et al., 2013) in L70. Compared with ERAI, there is
an overall westerly bias prevailing in the UTLS in both model simulations but it becomes reduced in the L110
(see Figures 7b and 7c).
To explain the diﬀerence in stratospheric temperature between L70 and L110, we calculate the transformed
Eulerian mean vertical velocity w̄ ∗ using monthly variables following (Andrews et al., 1987; details in Text S2
in the supporting information). Figure S6 shows the vertical residual velocity w̄ ∗ diﬀerence between L70 and
L110. The tropical ascent and extratropical descent can be seen in L110 climatology. In L70, there is an anomalous ascent in the tropics in general, likely due to enhanced subtropical jet, which contributes to the cold
anomaly in the lower stratosphere (Andrews et al., 1987; Calvo et al., 2010). Besides, several other processes
might also contribute to the increased ascent in L70. The intensiﬁcation of both Rossby wave-driven and the
equatorial wave-driven upwelling associated with the enhanced convective heating could contribute to the
stronger mean ascent in the UTLS in L70 (Boehm & Lee, 2003; Norton, 2006; Ryu & Lee, 2010). Additionally, the
dipole temperature structure is accompanied by an upward shift of the cold point tropopause in coarser vertical resolution model (Abalos et al., 2013), which could also contribute to the anomalous cooling in the lower
stratosphere through the diﬀerence in the established radiative equilibrium between L70 and L110 (Kuang &
Bretherton, 2004). The anomalous adiabatic cooling induced by the enhanced upwelling is compensated by
stronger radiative heating in L70 (not shown). Ackerman et al. (1988) and Gage et al. (1991) suggested that
the presence of ice particles, thin cirrus, and aerosols is a possible candidate for the larger heating rate in the
lower stratosphere. In L70, we also ﬁnd more frequent high clouds (not shown), which is likely to balance the
anomalous adiabatic cooling induced by upwelling.
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Figure 8. Diﬀerence in the composited 100-hPa PV (color shadings) and winds (m/s; vectors) for the temperatures
averaged in the box (15–30∘ N, 170∘ E to 170∘ W) above the central Paciﬁc for (a) cold and warm temperature days at
100 hPa and (b) warm and cold temperature days at 200 hPa. The hatching is the same as in Figure 5. PV = potential
vorticity; ERAI = ERA-Interim.

3.2.2. Diﬀerences in SWV Magnitude
Here we use the above analysis of the diﬀerence in temperatures between L70 and L110 to explain the diﬀerence in the magnitude of SWV. As discussed in section 1, Randel et al. (2015) documented that the dehydration
primarily occurs on the equatorial ﬂank of the AMA and more SWV is associated with warmer temperature at
100 hPa. Figures S7a and S7b show the regression coeﬃcient of the SWV variations in the box region (20–40∘ N,
40–140∘ E) regressed onto the temperatures at 100 hPa in L70 and L110, respectively. The patterns resemble
that (see Randel et al., 2015; Figure 8) and show a warm temperature anomaly on the equatorward ﬂank of
the AMA associated with a wet anomaly of SWV, indicating that both L70 and L110 are able to reproduce the
dehydration mechanism. As shown in Figure 5a, the warmer temperature is found in the equatorial ﬂank of the
AMA at 100 hPa in L70, which is consistent with the relatively wet SWV in the domain of interest (see Figure 3).
However, we note here that the warmer temperature over the continent at 100 hPa in L70 is not likely a result of
stronger convective activities since a stronger convection is associated with a colder tropopause temperature
within the AMA region (Park et al., 2007; Randel et al., 2015). Instead, other factors such as diﬀerence in vertical
resolution with reﬁned GWD parameterizations may play a role.
Additionally, as shown in Figure 5a, large diﬀerence in UTLS temperature over the central Paciﬁc Ocean is
found between the two models with L70 colder than L110. The evident cold center is collocated with the unrealistic SWV maximum in L70, which rules out the possibility of direct vertical transport from below according
to the dehydration mechanism. Instead, we argue that it is the UTLS temperature diﬀerence over the Paciﬁc
Ocean that plays a critical role in the simulation of the AMA and SWV spatial distribution (to be discussed next).
3.2.3. Diﬀerences in SWV Spatial Distribution
As shown in Figure 2b, conspicuous wet bias of simulated SWV is found over the central Paciﬁc Ocean in L70
and it is a common model deﬁciency as found in a suite of WACCM experiments (Figures S2b, S2d, and S3). As
shown in the 3-D trajectory runs in Randel and Park (2006), most of the particles released on the isobaric surfaces within the AMA remain inside the domain after several weeks, and a relatively small fraction of particles
is transported eastward outside. The AMA associated with the Asian monsoon deep convection has a large
dynamical variability (Gill, 1980; Jin & Hoskins, 1995; Popovic & Plumb, 2001), and therefore, it is challenging
to locate the north-south boundary of the horizontal transport barrier for UTLS chemical species (Garny &
Randel, 2013; Ploeger et al., 2015). For our study, one candidate that likely contributes crucial parts in
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Figure 9. (a) Diﬀerence of PV (color shadings) and winds (m/s; vectors) between L70 and L110 at 100 hPa. The gray
contours represent the climatological PV in L110 (contour interval: 2 PVU). The thick gray line indicates 2 PVU surface.
The decomposition of the PV diﬀerence (L70 minus L110) into the contributions (b) due to the diﬀerence in stratiﬁcation
𝜕𝜃
)) and (c) due to the diﬀerence in horizontal circulation (i.e., −g𝛿(f + 𝜁 )( 𝜕p
)).
(i.e., −g(f + 𝜁 )𝛿( 𝜕𝜃
𝜕p

conﬁning the SWV within the anticyclonic ﬂow, speciﬁcally in the east-west boundary, is the UTLS temperature
over the central Paciﬁc Ocean.
The mechanism is proposed based on the compensation between the temperature anomaly and the PV
anomaly. The negative PV anomaly is commonly used as an indicator for the intensity of the AMA (Bergman
et al., 2013; Garny & Randel, 2013; Randel & Park, 2006). Small PV gradient inside the AMA indicates that the
air is well mixed. Previous studies have emphasized the importance of the strong PV gradient at the edge
of the AMA on suppressing the cross-gradient advection and characterizing the horizontal transport barrier
(Ploeger et al., 2015). Composite analyses using ERAI reanalysis are conducted here in order to illustrate the
linkage between the temperature and PV gradient. As discussed in section 3.2.1, conspicuous temperature
diﬀerences are found over the central Paciﬁc region (15–30∘ N, 170∘ E to 170∘ W) in the UTLS between L70 and
L110 with diﬀerent signs at 100 and 200 hPa. First, we show the linkage between 100-/200-hPa temperature
anomalies and anomalous PV/winds at 100 hPa using ERAI reanalysis data. Daily temperature and PV from
the ERAI reanalysis spanning the range of 10 years (from 2005 to 2014) are employed. The monthly data show
similar results (not shown here). We deﬁne the warm (cold) events as the days when the area-averaged temperature over the noted domain (15–30∘ N, 170∘ E to 170∘ W) is higher (lower) than the 10-year average value
during summer months at each pressure level. Our analyses are based on compositing 100-hPa PV for the
warm events and cold events at 100 and 200 hPa, respectively. Figure 8a shows the composite diﬀerence of
100-hPa PV between the 100-hPa cold and warm events. The sign of the PV anomaly is such that the low PV
anomaly expanding eastward occurs in association with the colder than normal central Paciﬁc temperature
at 100 hPa with uniformly stronger subtropical westerlies (∼2 m/s) and an anticyclonic ﬂow anomaly over the
western Paciﬁc Ocean, which is directly analogous to that in L70 (see Figure 9a). It indicates that the relatively
cold temperature in L70 at 100 hPa compared with L110 is related to the negative PV anomalies. Figure 8b
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Figure 10. The colors show the summertime horizontal structures of CO (ppbv) from (a) 103 hPa L70 and (b) 102 hPa
L110 averaged over 1979 to 2014. (c) Colors show the CO diﬀerence (ppbv) between L70 and L110 with CO in L110
(black contours).

shows the composite diﬀerence of 100-hPa PV between the 200-hPa warm and cold events. The anomalous
anticyclonic ﬂow and negative PV are found on top of the warm temperature region over the central Paciﬁc,
and this is analogous to that in L70 as well. Therefore, both the cold bias at 100 hPa and the warm bias at
200 hPa in L70 lead to low PV anomaly extending to the Paciﬁc Ocean and further diminish the PV gradient
on the eastern ﬂank of the AMA.
To further quantify the cause of the negative PV anomaly over the Paciﬁc Ocean in L70 compared with L110,
we decompose the PV diﬀerence into the contributions due to stratiﬁcation diﬀerence and due to relative
vorticity diﬀerence as follows (Wu & Shaw, 2016):
𝜕𝜃
𝜕𝜃
) −g𝛿(f + 𝜁 )( )
𝜕p
𝜕p
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟ ⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

𝛿 PV ≈ −g(f + 𝜁 )𝛿(

(1)

stratiﬁcation diﬀerence relative vorticity diﬀerence

where 𝛿 indicates the diﬀerence between the L70 and L110, g is the gravitational acceleration, f is the Coriolis parameter, and 𝜁 is the relative vorticity. The sum of the decomposition following the right-hand side of
equation (1) is about equal to the left-hand side (not shown). Compared with L110, L70 has a negative PV
anomaly over the central Paciﬁc Ocean (Figure 9a). We ﬁnd that, in L70, both the less stratiﬁed UTLS (Figure 9b)
and, to a lesser extent, the anomalously anticyclonic circulation (Figure 9c) contribute to the negative PV
anomaly over the Paciﬁc Ocean and result in a relatively weak PV gradient on the eastern branch of the AMA
(see Figure 9a) and thus a more leaky transport barrier in L70. Since SWV is highly sensitive to temperature,
once SWV is extended to the relatively warm place over the Paciﬁc Ocean as compared with the continent, it
tends to stay there; thus, the maximum of SWV is seen over the Paciﬁc Ocean in L70.
3.3. The Simulations of CO Over the Asian Summer Monsoon Region
Although this study focuses mostly on the simulations of the SWV, we also evaluate the simulated CO in the
two models as complementary evidence. Since both the spatial pattern and magnitude of CO are less dependable on the temperature ﬁelds, it is highly controlled by the large-scale circulation. Overall, L70 and L110
are able to reproduce the localized maximum embedded within the AMA reasonably well (see Figures 10a
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and 10b), which is consistent with the work by Pan et al. (2016), who examined the variability of CO and its
linkage to the AMA in SD-WACCM4. However, compared with the simulation in L110, in L70, CO is not well
isolated within the AMA and leaks out from the southeastern Asia to the central Paciﬁc in the subtropics (see
Figure 10c), which is highly collocated with the PV anomaly (shown in Figure 9a). But L70 has a more reasonable simulation of CO compared to water vapor, likely due to its less dependence in the UTLS temperature and
relatively short lifetime. Therefore, we conﬁrm that the UTLS temperature anomalies over the central Paciﬁc
are responsible for the model deﬁciency in the conﬁnement of chemical constituents in L70.

4. Summary and Discussion
Our primary purpose of this study has been to examine the model performance in the simulation of SWV
associated with the Asian summer monsoon and whether model vertical resolution aﬀects the representation
of SWV. We have found that the maximum of the simulated SWV is located over the central Paciﬁc Ocean in
most of the WACCM conﬁgurations, instead of over the Asian continent as in the MLS retrievals. The high vertical resolution model L110 with reﬁned GWD parameterization, though displaying a dry bias on the poleward
side, corrects the deﬁciency with SWV conﬁned within the AMA and maximized over the continent.
Our results indicate that the temperature over the central Paciﬁc Ocean is a signiﬁcant factor in the representation of the Asian monsoon characters in the UTLS. We ﬁnd that one of the improvements with increased
vertical resolution and reﬁned GWD parameterization lies in resolving the UTLS temperature more accurately,
which is consistent with Richter et al. (2014). The relatively strong convection in L70 likely contributes to
the warmer troposphere-cooler stratosphere dipole pattern. L110 with higher vertical resolution and reﬁned
GWD is capable of alleviating the cold bias above and the warm bias below 100 hPa over the central Paciﬁc
Ocean and therefore simulates a steepened PV gradient over the central Paciﬁc Ocean that better closes the
upper-level anticyclone and conﬁnes the SWV within the enhanced transport barrier.
Before concluding, possible caveats have to be noted. First, although L110 corrects the cold anomaly over the
central Paciﬁc Ocean, we did not explicitly address why but suspect that it is related to the stronger ascent
occurring over the central Paciﬁc Ocean. The observational evidence of the upward motion in the lower stratosphere occurring over central Paciﬁc Ocean is documented in Gage et al. (1991). Second, the purpose of this
study is to make use of the model experiments that are available and have a clean pair of low and high vertical resolution versions to examine the model performance of simulating SWV. However, to further test the
robustness of the mechanism proposed in this study, we plan to extend the analysis to an ensemble of models
that participated in the CCMI experiments in future work.
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Previous studies have focused on the westward eddy shedding of the AMA and its role in chemical transport
(Garny & Randel, 2016; Popovic & Plumb, 2001). Diﬀerent from previous studies, our work emphasizes the
importance of the eastern branch of the AMA in the conﬁnement of chemical transport and the necessity
to improve the representation of that in climate models. Despite the diﬀerence in simulated convection, it is
the increased vertical resolution and reﬁned GWD parameterization that improve the representation of the
UTLS temperature and thus the anticyclone dynamics and SWV. The overall results demonstrate that models
in general have biases in simulating SWV, which is likely associated with stronger westerlies and weaker PV
gradient in the Northern Hemisphere subtropics. Our results demonstrate that model version with increased
vertical resolution is able to correct these biases.
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