Atmospheric and Oceanic Science Letters 15 (2022) 100194

o Contents lists available at ScienceDirect 3
Atmospheric and Oceanic Science Letters ===
CHINESE ROOTS journal homepage:

http://www.keaipublishing.com/en/journals/atmospheric-and-oceanic-science-letters/

GLOBAL IMPACT

Evaluation of the Madden—Julian oscillation in HIRAM )

Check for
| updates

Jie Jiang?, Lu Wang®"*, Jiuwei Zhao?, Tim Li%*

2 Key Laboratory of Meteorological Disaster, Ministry of Education (KLME)/Joint International Research Laboratory of Climate and Environmental Change
(ILCEC)/Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters (CIC-FEMD), Nanjing University of Information Science and
Technology, Nanjing, China

b Laboratory for Regional Oceanography and Numerical Modeling, Qingdao National Laboratory for Marine Science and Technology, Qingdao, China

¢ International Pacific Research Center, University of Hawai‘i at Manoa, Honolulu, USA

ARTICLE INFO ABSTRACT

Keywords:

Madden—Julian oscillation
Moist static energy
Eastward propagation

The aim of this study was to understand the cause of Madden—Julian oscillation (MJO) bias in the High Resolution
Atmospheric Model (HiRAM) driven by observed SST through process-oriented diagnosis. Wavenumber-frequency
power spectrum and composite analyses indicate that HIRAM underestimates the spectral amplitude over the MJO
band and mainly produces non-propagating rather than eastward-propagating intraseasonal rainfall anomalies,

HiRAM . . . .

Bél;iﬁl as observed. Column-integrated moist static energy (MSE) budget analysis is conducted to understand the MJO
3 V\H}ETZ propagation bias in the simulation. It is found that the bias is due to the lack of a zonally asymmetric distribution
B b of the MSE tendency anomaly in respect to the MJO convective center, which is mainly attributable to the bias in

s vertical MSE advection and surface turbulent flux. Further analysis suggests that it is the unrealistic simulation
HiRAM of MJO vertical circulation anomalies in the upper troposphere as well as overestimation of the Rossby wave
response that results in the bias.
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1. Introduction

The Madden—Julian oscillation (MJO) is characterized by planetary-
scale circulation coupled with convection propagating eastward along
the equator. It is the most dominant intraseasonal variability in the trop-
ics, showing a broad spectral peak over a 20-70-day time scale (see re-
views by Zhang (2005) and Li (2014)). The MJO convection is usually
initiated and enhanced in the Indian Ocean, weakens over the Maritime
Continent, re-intensifies over the western Pacific, and dies out upon
reaching the central Pacific. The convection is associated with a Kelvin—
Rossby wave couplet (Li and Wang, 1994; Wang and Chen, 2017) or a
quadrupole structure (Zhang and Ling, 2012) in horizontal circulations,
as well as a baroclinic vertical structure tilted with altitude.

The activity of the MJO in different phases can exert significant in-
fluence on global weather and climate through circulation anomalies
(e.g., Li et al., 2020). For example, the MJO may trigger the onset of
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the Asian monsoon as it moves across the Indian Ocean and Maritime
Continent (e.g., Zhou and Chan, 2005). Wind perturbations associated
with the MJO could trigger the onset of El Nifio events (e.g., Kessler and
Kleeman, 2000). Tropical cyclones occur more frequently during the ac-
tive MJO phase than the suppressed phase (Sobel and Maloney, 2000;
Zhao and Li, 2019). Thus, the MJO is regarded as an important source
of predictability for extended-range weather and climate forecasting,
which remains a big challenge for currently for operational and research
communities (Xiang et al., 2015; Zhu and Li, 2017).

Unfortunately, the ability of current general circulation models
(GCMs) to simulate the MJO is limited and the bias has been pervasive
over recent generations of climate models participating in the Coupled
Model Intercomparison Project (Ahn et al., 2020), since most of them
cannot successfully capture even the basic propagation features of the
MJO. For instance, Jiang et al. (2015) reported that three quarters of the
27 models in their analysis show a dominant intraseasonal mode over
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the tropical Indo-Pacific regions with stationary or westward propaga-
tion, while only a few show a dominant mode with eastward propaga-
tion, as observed.

Numerous studies have attempted to identify the key biases in mod-
els that prevent them from reproducing the eastward propagation of the
MJO. One important factor is the cumulus parameterization scheme, in-
cluding the triggering function, mixing assumption, rain re-evaporation,
closure assumption, and convective momentum transport (see review
by Kim and Maloney (2017)). Another factor is the poor simulation of
the three-dimensional structure of the MJO circulation. Observationally,
the vertical velocity anomalies exhibit a second-baroclinic mode vertical
structure east (west) of the MJO convection, with descending (ascend-
ing) anomalies in the upper troposphere and ascending (descending)
anomalies in the boundary layer, while the lower-tropospheric horizon-
tal circulations show poleward (equatorward) meridional wind anoma-
lies. As the mean moist static energy (MSE) profile shows a minimum in
the middle troposphere and maximum near the equator and the mean
moisture maximizes near the equator over the warm pool region, such
circulation anomalies could induce positive (negative) MSE tendency
anomalies to the east (west) of the MJO convection, which is favorable
for the eastward propagation of the MJO (e.g., Wang et al., 2017).

Recently, more and more studies have begun to emphasize the im-
portance of simulating the lower-tropospheric mean moisture over the
Indian Ocean and western Pacific Ocean in producing reasonable MJO
propagation, as the horizontal MSE advection is primarily related to
the MJO wind anomalies acting on the mean moisture gradient (e.g.,
Gonzalez and Jiang, 2017; Chen et al., 2022). A significant linear rela-
tionship is found between the simulation skill of the mean moisture and
that of the MJO eastward propagation.

It is worth mentioning that these results were based on multi-model
evaluations, by comparing the composite difference between the best
and the poorest model groups. Although such a strategy is helpful to-
ward understanding the general features of many models, whether it is
applicable in understanding the bias of a single model is unknown. An
interesting question arises if a model can capture the observed climatol-
ogy of the moisture very well, insofar as could it also simulate the MJO
propagation reasonably? If not, what is the key bias responsible for the
poor simulation?

To address these questions, this study evaluated a simulation based
on an atmospheric general circulation model (AGCM) from the Geophys-
ical Fluid Dynamics Laboratory, named HiRAM-C180, which has been
shown to be good at capturing the climatological intensity and distri-
bution of precipitation (Fig. S1), as well as the seasonal and interan-
nual variabilities of tropical cyclones over the globe (Zhao et al., 2009;
Murakami et al., 2015). In this paper, after describing in Section 2 the
data and methods employed in the study, we first evaluate the simu-
lation of the MJO by HiRAM (Section 3), and then report results from
carrying out a process-oriented diagnosis of the simulation to identify
the specific reason for the model bias (Section 4). In this way, we are
able to set a clear goal for future improvement of this model.

2. Data and methods

HiRAM-C180 is a high-resolution AGCM with 32 vertical levels
and a horizontal resolution of roughly 50 km (varying between 43.5
and 61.6 km). The model physics and other details can be referred
to in Zhao et al. (2009) and the model code can be obtained from
https://www.gfdl.noaa.gov/hiram-quickstart/. An experiment was con-
ducted using the observed monthly SST from 1980 to 2009 as the
oceanic boundary condition and the model was integrated for 30 years
with daily outputs of atmospheric variables for diagnosing the MJO. The
dataset used in this paper was interpolated onto a 2° x 2° grid through
bilinear interpolation for further analysis. As the MJO is a planetary-
scale phenomenon, the results in the current study are not sensitive to
a change in data resolution.
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The verification data include: (1) daily rainfall observations pro-
vided by GPCP with a horizontal resolution of 1° x 1° (Huffman et al.,
2001); (2) daily OLR observations provided by NOAA (Liebmann and
Smith, 1996); and (3) daily zonal wind, temperature, sensible heat
flux, and other physical quantities provided by ERA-Interim (Dee et al.,
2011). The time span for these datasets is 1997-2008 and the datasets
from NOAA and ERA-Interim are interpolated to horizontal grids at
2.5° x 2.5°

Previous studies have demonstrated that diagnosis of the intrasea-
sonal column-integrated MSE equation could reveal the key processes
involved in the MJO’s eastward propagation (e.g., Wang et al., 2017).
Therefore, in this study we calculated the MSE budget of both the sim-
ulated and observed results, and then identified their main differences.
According to the intraseasonal column-integrated MSE budget equation
(see details in the supplementary material), the MSE tendency is con-
tributed by vertical and horizontal advections, surface latent and sensi-
ble heat fluxes, and shortwave and longwave radiative heating rates.

3. MJO simulation in HIRAM

Fig. 1 shows the wavenumber-frequency power spectra of 10°S-10°N
averaged precipitation and 850-hPa zonal wind (U850) during boreal
winter (November-April). The observed spectral power of precipitation
and U850 show a maximum over the domain of eastward wavenum-
bers 1-3 and a period of 20-70 days. The simulated spectral power of
precipitation and U850 within the MJO band is much smaller than in
the observation, and the maximum spectral power is seen in the lower-
frequency band (period larger than 70 days). The eastward/westward
power spectrum ratio (E/W ratio) is further calculated by dividing the
sum of the spectral power over the domain of eastward wavenumbers
1-3 and period of 20-70 days by that of its westward propagating coun-
terpart. The observed (simulated) E/W ratio is ~2.2 and ~3.0 (1.6 and
1.7) for precipitation and U850. The results suggest that HIRAM simu-
lates weaker eastward propagation of convection and circulation than
observed. Because the peak of the observed power spectrum is confined
within the period of 20-70 days, we use a 20-70 day bandpass filter
(Duchon, 1979) to extract the intraseasonal component in this study.
This is in contrast to some studies that have used a 20-100 day filter
(e.g., Jiang et al., 2015; Kim et al., 2014; Wang et al., 2017), as we be-
lieve it is better to exclude the signals from the lower frequency. Prior
to filtering, the first four harmonics of the daily annual cycle were re-
moved.

Then, multivariate EOF analysis of the 20-70 day filtered OLR, U850,
and U200 anomalies averaged over 15°S-15°N was performed for the
observation and simulation, separately (see Fig. S2). In the observation,
the first two modes, with one convection center near 120°E and the other
near 80°E, show a coupled structure of convection and circulation (con-
vergence at the lower level and divergence at the upper level), and they
account for nearly equal fractional variance (23.6% and 22.3%). In the
simulation, the two modes account for smaller fractional variances, with
one being 15.0% and the other 11.6%. The convection amplitude near
the western Pacific is simulated well, while that near the Indian Ocean is
much lower. The time series of principle components corresponding to
the first two EOF modes are used to define eight MJO phases following
Wheeler and Hendon (2004). Fig. 2 displays the composite 20-70 day
filtered rainfall anomalies and 850 hPa wind field in eight phases. In the
observation, the MJO convection starts over the Indian Ocean in phases
1-3, passes through the Maritime Continent in phases 4-5, and into the
western Pacific in phases 6-7, before disappearing near the date line in
phase 8. In the simulation, however, the magnitude of MJO convection
is much weaker. In phases 6-8, the convection seems less mobile.

Fig. 3 shows lag-longitude diagrams of 10°S-10°N averaged rainfall
and column-integrated MSE regressed onto an intraseasonal rainfall in-
dex for the observation and the simulation, separately. The rainfall index
was calculated by the intraseasonal rainfall anomalies averaged over the
equatorial Indian Ocean (5°S-5°N, 75°-85°E). Raw fields were regressed
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Fig. 1. (a) Wavenumber-frequency power spectra of precipitation averaged over 10°S-10°N based on GPCP. (b) As in (a) except for U850 based on ERA-interim. (c,
d) As in (a, b) but based on the HiRAM simulation. The E/W ratio calculated for each variable is labeled in the upper-right corner of the corresponding panel.

onto the index, and the regressed coefficients were multiplied by 3 so
that the regressed fields represent the response to 3 mm d-! rainfall
anomalies. For the observation, the rainfall anomalies exhibit continu-
ous eastward propagation (Fig. 3(a)), while the simulated precipitation
seems stationary over the Indian Ocean (Fig. 3(b)). The evolution of
column-integrated MSE anomalies follows that of the rainfall anomalies
very well.

To sum up, HiRAM simulates much weaker MJO signals than ob-
served, and little eastward propagation.

4. MSE budget analysis

To understand the cause of the biased propagation, an MSE budget
analysis was conducted. The details of this method can be found in the
supplementary material Fig. 4. shows the horizontal patterns of column-
integrated MSE tendency anomalies overlaid by the MSE anomaly at lag
zero for the observation and the simulation, separately. The observation

(Fig. 4(a)) shows a zonally asymmetric MSE tendency with a positive
(negative) tendency anomaly to the east (west) of the maximum MSE
anomaly (near 80°E). Such an asymmetric structure of the MSE tendency
anomaly favors the eastward propagation of the positive MSE anomaly.
However, a positive tendency anomaly exists on both sides of the max-
imum MSE anomaly and no asymmetrical structure is exhibited in the
simulation (see Fig. 4(b)), which is consistent with the non-propagating
characteristic found in Fig. 3(b).

As the zonal distribution of the MSE tendency anomaly relative to
the convective center is critical to the propagation, we therefore com-
pared the east-west difference in each MSE tendency term for the ob-
servation and the simulation. Each term in Eq. (S1) was calculated and
regressed onto the intraseasonal rainfall index, and then the regressed
fields were averaged over (10°S-10°N, 40-70°E) and (10°S-10°N, 110°-
160°E), which were located to the west and east of the convective cen-
ter, respectively. The selection of the two boxes followed Wang and
Li (2020a). Fig. 4(c, d) show the domain-averaged results of each ten-
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Fig. 2. 20-70 day filtered precipitation (shading; units: mm d~!) and 850 hPa circulation (vectors; units: m s~!) anomalies in eight phases. Results are based on (a)
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Fig. 3. Lag-longitude diagrams of precipitation (shading; units: 3 mm d-!) and column-integrated MSE (contours; units: J m~2; contour interval: 1 x 106, with the
zero line omitted) averaged over 10°S-10°N regressed onto an intraseasonal rainfall index for (a) the observation and (b) the simulation. The regions exceeding the

90% confidence level are stippled.

dency term for the observation and the simulation, respectively. As
shown in Fig. 4(c), the zonally asymmetric MSE tendency anomaly is
mainly contributed by the vertical advection and horizontal advection
terms, while the surface turbulent fluxes (Q,) and column radiative heat-
ing (Q,) play a negative role. However, in the simulation (Fig. 4(d)), the
sign of the MSE tendency anomaly over the western box is reversed and
the positive anomaly over the eastern box is much reduced compared
to the observation, such that the zonal asymmetry of the MSE tendency
anomaly nearly disappears. It is clear that the bias is primarily due to the
vertical advection term over the western box, which is close to zero in
the simulation. Beside the vertical advection, the Q; is quite different be-
tween the observation and simulation, especially west of the convection.
The east-west box-averaged difference in each term is further shown in

Fig. 4(e, f). As we can see, the lack of zonal asymmetry in the MSE ten-
dency anomaly in the simulation relative to the observation is mainly
contributed by the vertical advection term, while the horizontal advec-
tion term seems to be similar to the observation. In addition, Q; plays
a larger negative role compared to the observation, which especially
arises from the western box. Thus, we focus on the vertical advection
of MSE and Q; in the following analysis to investigate the key bias of
the simulation. Note that the residual term is negligible in the observa-
tion, which gives us confidence to use the budget analysis to identify
the key processes for the MJO propagation. However, it is larger in the
simulation, and the reason for that is not clear.

Fig. 5(a, b) display the horizontal patterns of regressed day-0
column-integrated vertical advection of MSE for the observation and
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Fig. 4. (a, b) Horizontal pattern of MSE tendency (shading; units: W m~2) and MSE (contours; units: J m~2; interval: 2 x 10°, with the zero line omitted) anomalies
integrated in columns at lag zero. The boxes to the west and east of the MJO center indicate the regions of (10°S-10°N, 40°~70°E) and (10°S-10°N, 110°-160°E),
respectively. The regions exceeding the 90% confidence level are stippled. (c, d) MSE tendency terms averaged over the eastern box (blue) and western box (orange),
and (e, f) the difference between the eastern and western box average results. Bars from left to right represent MSE tendency (d<m>/0t), vertical MSE advection
(Wadv), horizontal MSE advection (Hadv), surface turbulent flux (Q,), column radiative heating (Q,), and the residual term, respectively. The left-hand panels are
calculated for the observation while the right-hand ones are for the simulation.
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Fig. 5. (a, b) Horizontal pattern of vertical MSE advection (shading; units: W m~2) and MSE (contours; units: J m~2; interval: 2 x 10°, with the zero line omitted)
anomalies integrated in columns at lag zero. The boxes to the west and east of the MJO center indicate the regions of (10°S-10°N, 40°~70°E) and (10°S-10°N, 110°-
160°E), respectively. (c, d) As in (a, b) except that the shading denotes Q, (units: W m~2). (e, f) Profiles of the regressed day-0 pressure velocity anomaly averaged
over the western box (solid) and the eastern box (dashed). (g, h) Horizontal distribution of the regressed 1000 hPa wind anomalies (vectors; units: m s~!) and the
climatology of meridional wind in boreal winter (shaded). The regions exceeding the 90% confidence level are stippled. The left-hand panels are calculated for the
observation and the right-hand ones for the simulation.
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the simulation, respectively. A zonal dipole along the equator is clearly
shown in the observation, with a positive anomaly to the east of the
convective center and negative anomaly at and to the west. In the sim-
ulation, however, only the negative anomaly at the convective center is
clear, while the positive anomaly to the east is not organized well and
no negative anomaly is seen to the west. As the vertical MSE advection
is dominated by the intraseasonal vertical wind anomaly acting on the
climatological MSE vertical gradient (figure not shown), we compared
the vertical structures of the regressed pressure velocity anomaly in the
observation and the simulation, and the results are presented in Fig. 5(e,
f). In the observation (Fig. 5(c)), an apparent zonally asymmetric pat-
tern is visible: downward (upward) anomalies in the upper troposphere
appear to the east (west) of the rainfall center (80°E). The discrepancy
in the vertical velocity between the observation and the simulation is
primarily from the upper troposphere to the west of the rainfall center,
where the simulation mainly exhibits downward anomalies. So, there is
no asymmetry in the upper troposphere in HIRAM.

Fig. 5(c, d) compare the horizontal patterns of regressed Q; for the
observation and the simulation, respectively. In the observation, the
negative anomaly of Q; is to the east of the convection and the posi-
tive anomaly is near the convection center. Such a zonal distribution
can be attributed to the superposition of the MJO-induced zonal wind
anomaly and the mean zonal wind (Wang and Li, 2020b). In compari-
son, the positive Q, anomaly over the western box is overestimated in
the simulation, especially over the northern and southern Indian Ocean.
It is found that the zonal wind component plays little role in the dis-
crepancy of the Q,; anomaly (figures not shown), which is primarily due
to the meridional wind component. Fig. 5(g, h) show the MJO-induced
wind anomaly (vector) and mean meridional wind (shaded) at 1000 hPa
for the observation and the simulation, respectively. As we can see, the
observed mean meridional wind is equatorward over the Indian Ocean.
Since the MJO-induced Rossby wave circulation west of the convection
center also shows an equatorward wind anomaly, it would enhance the
total wind speed and therefore lead to more evaporation. In the simu-
lation, the mean meridional wind resembles the observation very well
but the Rossby wave response is notably overestimated, especially over
the Arabian Sea and east of Madagascar. Therefore, the wind speed over
the northern and southern Indian Ocean would be overestimated in the
simulation and lead to a positive Q; anomaly.

To sum up, the detailed MSE budget analysis indicates that the non-
propagating characteristic of the intraseasonal rainfall anomaly in the
HiRAM simulation primarily results from the unrealistic structure of the
MJO vertical circulation anomaly as well as the overestimated Rossby
wave circulation.

5. Summary and discussion

As an important source of intraseasonal prediction, the MJO remains
poorly represented in most current state-of-the-art GCMs. In this study,
we evaluated an AMIP-type simulation generated by HiRAM-C180 in
simulating the characteristics of the MJO. This model has been demon-
strated to be good at capturing the climatological tropical precipitation
and the variability of tropical cyclones.

By examining the wavenumber-frequency spectral power of equa-
torial rainfall and U850, it was found that the signals over the MJO
band are severely underestimated relative to the observation. The in-
traseasonal rainfall anomalies and 850 hPa wind anomalies in eight
phases further showed that the intraseasonal rainfall anomalies in the
simulation are poorly organized over the Indo-Pacific oceans and show
little movement. The lagged time-longitude diagram of the intrasea-
sonal rainfall anomaly also indicated non-propagating characteristics.
By conducting an MSE budget analysis, it was found that the biased
MJO eastward propagation is due to a lack of zonal asymmetry in the
column-integrated MSE tendency anomalies relative to the MJO convec-
tive center in the simulation. Decomposition of the MSE tendency terms
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indicated that the biased MSE tendency distribution is primarily due to
the vertical MSE advection term and surface turbulent fluxes. Further
analysis showed that it is the unrealistic simulation of the MJO vertical
velocity structure that results in the biased vertical MSE advection. In
the observation, an upward (downward) motion anomaly is seen in up-
per troposphere to the west (east) side of the MJO convective center, but
in the simulation the upward motion anomaly to the west is not seen,
while the downward motion anomaly is weaker than observed. Such bi-
ased intraseasonal pressure velocity anomalies are probably due to the
treatment of convective parameterization (Wang et al., 2017; Lin et al.,
2004). Furthermore, the overestimated surface turbulent fluxes west of
the MJO convection result from the notably overestimated Rossby wave
response in the simulation, as the enhanced surface meridional wind
anomalies associated with it lead to more evaporation over the north-
ern and southern Indian Ocean.

It is worth mentioning that the overestimated Rossby wave circula-
tion in the simulation mainly arises from the meridional wind anoma-
lies, while the zonal wind component at the equator is similar (see
Fig. 5(g, h)). We also calculated the Rossby wave intensity and Kelvin
wave intensity based on the zonal wind anomaly as well as the R-K ratio
defined by the Rossby wave intensity divided by the Kelvin wave inten-
sity following Wang et al. (2018), as shown in Fig. S3. No significant
difference could be found between the simulation and the observation.

The causes of the biased MJO propagation in HIRAM-C180 identi-
fied in the current study are different from previous studies based on
multi-model simulations, which suggested that unrealistic simulation of
horizontal MSE advection is critical in causing biased MJO propagation
(e.g., Gonzalez and Jiang, 2017). This implies that it is necessary to
conduct a detailed analysis of a given model to understand the specific
reason for the model bias.
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