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Madden-Julian Oscillation
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A Unique Type of Organized Tropical Convection
o Planetary zonal scale (wavenumber 1-5)
o Intraseasonal time scale (30-60 days)
o Eastward propagation

Global Impacts of MJO

• A main source of Earth system predictability on 
the S2S timescale

• Interacts with a wide range of Earth system 
phenomena, including tropical cyclones and 
extreme precipitation events



MJO and TCs in Earth System Models
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*An interactive version of this diagram is now part of PMP and 
available @ https://pcmdi.llnl.gov/research/metrics/mjo/ 

Madden-Julian oscillation

• A wide range of model performance
• Many models struggle (even basic characteristics)
• Why are the good models good?

positive in others (P3, W1, W6, C2, C5, C10). Many models
have their largest biases in relative humidity in the equatorial
region (P3, W1, W2, C2), in particular in the central Pacific.
Potential intensity (PI) anomalies are shown in Fig. 9.

A fewmodels’ biases stand out in this case; while P4 PI is
too high in both hemispheres, C12 PI is too low. In
contrast, P5 and P6 have strong negative anomalies in
the Northern Hemisphere only. Many CMIP5 models
(C) show too strong values of PI in the eastern Pacific in
both hemispheres (C4, C5, C6, C8, C9, C10, C11, C12,
C13, and C14). As this type of bias is not present in any
of the models forced with fixed SST (most P models and
W models), this bias is probably related to coupling.
For completeness we show similar plots for omega at

500 hPa, relative vorticity at 850 hPa, and TCGI in Figs
S1, S2, and S3 in the online supplementalmaterial. In the
case of Omega (Fig. S1), many P and W models have
positive biases in the Indo-Pacific equatorial region,

with exception of P7 and P10, which show negative
biases in the same region. In contrast, the relative vor-
ticity biases (Fig. S2) have dipole anomaly patterns in
both hemispheres, indicative of a shift in location of the
vorticity in the models. Models typically have positive
biases in TCGI (Fig. S3) in the regions of maximum TC
activity, and negative biases outside of that region.
In an attempt to quantify these results, Fig. 10 shows

scatterplots of the spatial correlations and root-mean-
square error (RMSE) of these environmental fields in
both hemispheres (in the tropics and over the ocean),
relative to the ERA-Interim reanalysis. It is clear across
the panels that theCMIP5 (C)models typically have lower
correlations and higher RMSE than the P and W models.
This is not surprising, given that the C models have lower
resolution and are coupled, which tend to lead to large
biases. This is particularly true for the spatial correlations
of relative humidity, potential intensity, and TCGI.

FIG. 3. Track density (mean of track passages per grid point) of TC storms in models (P1–P10, W1–W6, C1–C14), reanalysis (R), and
observations (O) using all years available for eachmodel (as shown in Tables 1–3). A common uniform grid of 48was used and normalized
by the number of years available in each case.
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Another interesting result is that for both omega
Fig. 10d and relative vorticity Fig. 10e, there is a clear
separation for all model types by hemisphere, with
lower RMSE in the Northern Hemisphere and higher
in the Southern Hemisphere. Interestingly, the spatial
correlation in the Northern Hemisphere reaches lower
values than in the Southern Hemisphere.
While in the case of vertical shear Fig. 10a there is

an almost linear relationship between RMSE and
correlations, with low RSME values associated with

high correlations, and the opposite for high RSME.
However, this is not the case for other variables. In
particular, for the relative humidity (Fig. 10b), many
models have high spatial correlations, but a large
range of RSME values, indicating that the models can
replicate the reanalysis pattern well, but not its mag-
nitude. This is also typically the case for TCGI (Fig. 10f)
for P and W models, but not for all C models. While
the P and W models have high correlations and low
RMSE for PI (Fig. 10c), with exception of one

FIG. 4. Distributions of (a) NTC and (b) ACE per year distributions in models, reanalysis, and observations. Model
labels are defined in Tables 1–3.
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Project Goals and Objectives
Goals
§ Identify process-level sources of model biases in MJO, 

TCs, and their associated extreme precipitation events
§ Use E3SMv1 as a tool to better understand MJO and TCs

Objectives
§ Analyze key processes associated with

o MJO propagation and maintenance
o TC genesis and intensification

§ Examine multiscale connections among our target 
phenomena
o MJO modulation of TC genesis 
o Association of precipitation events in the US with the MJO and TCs 

§ Perform hypothesis-driven simulations using E3SMv1
o Role of Maritime Continent land diurnal cycle on MJO
o Role of air-sea coupling and AEW on TCs

4

A Madden-Julian Oscillation event in April 2002 (source: remss.com)

Hurricane Isabel (2003)
(source: NASA)

Heavy rain events in Oklahoma (May 2019) 
(source: usatoday.com)



MJO Propagation over Maritime Continent
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• A new metric that represents the robustness of MJO propagation over 
the Maritime Continent (MC) was developed and used to evaluate 66 
CMIP5/6 models. 

• CMIP6 models simulate MJO propagation over the MC more realistically 
than the CMIP5 models and with improved mean state moisture gradient 
in the MC region.
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Ahn, M.-S., Kim, D., Kang, D., Lee, J., Sperber, K. R., Gleckler, P. J., Jiang, X., Ham, Y.-G., & Kim, H., 2020: MJO Propagation Across the Maritime Continent: Are CMIP6 Models Better Than CMIP5 Models? 
Geophysical Research Letters, 47(11), e2020GL087250. https://doi.org/10.1029/2020GL087250

The low free‐tropospheric moisture budget analysis is performed as described in section 2.3 to understand
the improved simulation of MJO propagation in CMIP6 models from a moisture mode framework point
of view. Figures 3a and 3b show intraseasonal precipitation (shading) and low free‐tropospheric moisture
tendency (contours) anomalies that are associated with MJO. When the center of enhanced MJO convection
is located over the eastern Indian Ocean, positive low free‐tropospheric moisture tendencies (solid contours)
appear over the southern MC and the Western Pacific in both model generations. However, the moisture
tendency to the south of Sumatra and Java Islands is much greater in the CMIP6 models than in the
CMIP5 models. The difference between the two model groups in that area is statistically significant at the
95% confidence level (Figure 3c). The greater amount of moisture recharging over the southern MC area
would provide a favorable condition for MJO propagation over the MC region in the CMIP6 models.

In Figure 3d, we compare the moisture budget terms over the southernMC area (95–120°E and 15–7.5°S, red
box in Figures 3a–3c) between the two model groups. In the CMIP6 models, the total moisture tendency is
about 2 times larger than that in the CMIP5 models, consistent with the above results. The zonal and mer-
idional advection terms show positive values, indicating that horizontal moisture advection is the main
recharging mechanism in this region before the onset of MJO convection. They also exhibit a larger value
in the CMIP6 models, suggesting that the horizontal advection process is responsible for the difference in
total moisture tendency. The sum of other terms and residual (right most bars in Figure 3d) is similar in
the two model groups; thus, it is unable to explain the difference in the total moisture tendency. The results
of the moisture budget analysis strongly suggest that MJO propagation in the MC area is more realistic in the
CMIP6 models due to the greater rate of moisture recharging from the zonal and meridional advection
processes.

Figure S1 shows that in both model groups the horizontal advection is mainly determined by the advection
of mean state moisture by MJO perturbation wind, which is consistent with previous studies (e.g., Ahn
et al., 2020; Kim et al., 2017; Jiang, 2017; Kim et al., 2014; Kim, 2017; Kiranmayi &Maloney, 2011). This sug-
gests that the difference in the horizontal advection terms between the CMIP5 mean and the CMIP6 mean is
likely due to the difference in the mean state moisture gradient. We show in Figures 4a–4c the low
free‐tropospheric mean state moisture from ERA5 and from the simulations. Compared to ERA5, the

Figure 4. (a–c) The 850–700 hPa integrated q mean state patterns (November–April) for (a) ERA5 of 1985–2004, (b) 30
CMIP5 mean, and (c) 34 CMIP6 mean. The difference between CMIP5 mean and CMIP6 mean in (d) mean state, (e)
zonal gradient of the mean state, and (f) meridional gradient of the mean state. Green dots in the difference patterns
indicate the statistical significance at the 95% confidence level. The RMSE shown in the upper right corner of panels (b)
and (c) is obtained against the observed mean state over the figure domain.
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MJO-MC interaction in LR-E3SMv1
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• E3SMv1 reasonably simulates the large-scale MJO 
precipitation anomaly patterns as well as the modulation 
of diurnal cycle over the Maritime Continent islands 

• Horizontal moisture advection plays an important role in 
the MJO modulation of MC land diurnal cycle

• Work in progress: diurnal cycle vs. background moisture 
gradient (Daehyun Kang, Tues Breakout Session)

MJO precipitation anomalies

Local time Local time

MJO modulation of diurnal cycle precipitation in Borneo

Local time Local time

M
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large-scale MJO envelop over MC large-scale MJO envelop over MC



TC Rainfall in HighResMIP Models
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• Many HighResMIP simulations tend to overproduce the 
rain rates around TCs, in terms of the maximum rain rate 
magnitude and area-averaged rain rates. 

• As model horizontal resolution increases, the magnitude 
of the peak rain rate appears to increase. 

Moon, Y., D. Kim, A.A. Wing, S.J. Camargo, M. Zhao, L.R. Leung, M.J. Roberts, 2020: An evaluation of GCM-simulated tropical cyclone rainfall structures in the HighResMIP simulations against satellite observations. 
J Climate, to be submitted.
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Tropical Cyclones in HR-E3SMv1
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• HR-E3SMv1 (0.25˚) simulates the global TC activity reasonably well, in terms of the total global 
number of TCs and TC track density

• TC-ocean interactions are realistically represented in HR-E3SMv1
• Work in progress: MJO modulation of TC genesis, the role of seed disturbances (Yumin Moon, Tues 

Breakout session)

# of TCs per year TC-induced SST cooling in HR-E3SMv1

Balaguru, K., Leung, L. R., Van Roekel, L. P., Golaz, J.-C., Ullrich, P. A., & Caldwell, P. M., et al., 2020: Characterizing tropical cyclones in the Energy Exascale Earth System Model version 1. Journal of Advances in Modeling Earth Systems, 12, e2019MS002024.
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TC Structure in HR-E3SMv1

• In E3SMv1, precipitation near TCs is lower 
than in other simulations made with a 
similar resolution

• E3SMv1 TCs are shallower with a drier 
upper troposphere, which may inhibit the 
vertical growth of convection and TC 
circulation

r [km]

pr
es

 [h
Pa

]

Az. avg. tang. wind 35−45 kt vtmax=21.6

 

 

−4

−2 −2
−2

1
1 1 12 2 2 23

0 100 200 300 400 500 600 700 800 900 1000

900
850

700

500

300

200

−6

0

6

12

18

24

30

36

42

48

Tangential (shaded) and 
radial (contours) winds

−0
.5

−0
.5

−0.5

−0.3

−0
.3

−0.3

r [km]

pr
es

 [h
Pa

]

Az. avg. RH 35−45 kt RHmax=96.7

 

 

0 50 100 150 200 250 300 350 400 450 500

900
850

700

500

300

200

40

50

60

70

80

90

100

ERA5 (35-45 kts)

Relative humidity (shaded) 
and omega (contours)

r [km]

pr
es

 [h
Pa

]

Az. avg. tang. wind 35−45 kt vtmax=20.6

 

 

−4−2

−2
−2

1
1 1 1

2 2 2

0 100 200 300 400 500 600 700 800 900 1000
995

900
850

700

500

300

200

−6

0

6

12

18

24

30

36

42

48

r [km]

pr
es

 [h
Pa

]

Az. avg. RH 35−45 kt RHmax=99.5

 

 

−0
.5

−0.3

−0.3

−0.3

0 50 100 150 200 250 300 350 400 450 500
995

900
850

700

500

300

200

40

50

60

70

80

90

100

E3SMv1 (35-45 kts)

0 50 100 150 200 250 300 350 400 450 500
0

1

2

3

4

5

6

r [km]

pr
 [m

m
/h

]

Az. avg. pr. 35−45 kt

 

 
E3SM
CMCC
HadGEM
CMORPH
TRMM

Precipitation



Summary
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§ Finding
o Moisture gradient is a key aspect of the mean state that affects MJO
o Many models overestimate TC rainfall, air-sea coupling improves the bias

§ Analysis
o Structure, moist static energy budget, and seasonality of the MJO
o MJO teleconnections to mid-latitude and MJO-MC interactions
o TC rainfall, wind, and thermodynamic structure and TC-induced SST changes 

§ Metrics
o MJO East/West power ratio implemented in the PCMDI metrics package
o MJO MC propagation metric developed and applied to CMIP5/6 models
o A horizontal resolution-dependent TC wind speed adjustment factor developed for model evaluation

§ Data
o 20-year E3SMv1 coupled simulation performed outputting *many* variables. Data is available.



Extra Slides
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MJO in E3SMv1
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• E3SMv1 realistically simulates MJO’s eastward 
propagation, including the spatial pattern of 
precipitation anomalies around the Maritime 
Continent (phases 4 and 5)

• MJO MSE budget shows that horizontal and 
vertical advection terms are responsible for the 
eastward propagation, as in observations and 
consistent with the moisture mode framework

ERA5
E3SMv1

h: moist static energy (MSE)

Projection domain: 60E-180E, 20S-10N



MJO Modulation of MC Diurnal Cycle
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• The role of MC diurnal cycle (DC) on the propagation of the MJO is 
poorly understood

• E3SM exhibits much weaker DC amplitude than the observed (20-
30%), whereas DC phase is realistic (evening peak in land, morning 
peak in the ocean)

• Despite the amplitude bias, increase in diurnal precipitation before 
the main envelop of MJO is realistically captured in the model

TRMM                                                                E3SM

A B C

Local time

MJO modulation of DC precipitation in MC land

Local time Local time

Local time Local time

Local time Local time

A

B

C



MC Barrier Effect on MJO
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• The MC barrier effect on MJO is not fully understood and is poorly 
represented in many climate models

• The MC barrier effect does not present in E3SM, in which MJO precipitation 
anomalies are stronger in the MC than in the adjacent ocean basins

• Jiang et al. (2019) argued that MJO weakens in the MC region due to the 
steep negative zonal moisture gradient to the east of Sumatra and Borneo, 
which is contradictory to our results

• The weak MC barrier effect in E3SM might be due to the weak diurnal cycle 
amplitude

Climatology of zonal moisture gradient (integrated between 925-700 hPa)

MJO composite of PREC anomalies

M
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Modulation of TC genesis by MJO

RMM composite (amplitude > 1) and TC genesis in 5˚ x 5˚ grid (MJJASO)

Contour (interval: 2 mm/day)
TRMM precipitation anomalies

• Since the E3SM can simulate both MJO and TCs reasonably, it is a good tool to further elucidate 
physical processes responsible for the MJO-TC modulation.

• MJO modulation of TCs is reasonably represented, especially in the Eastern North Pacific
• When the MJO reaches EPac (Phase 8+1), TC genesis rate is greatly enhanced as in observations
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Role of ‘seed’ disturbances on the MJO-TC 
relationship

• In EP (blue), TC genesis is enhanced during MJO phases 8 and 1 by increasing the number of seed disturbances 
generated and by a greater fraction of them developing into TCs.

• In WP (red), TC genesis is also modulated by different phases of MJO (e.g., 6+7 vs. 4+5) by the greater number of 
seed disturbances and greater fraction of them developing into TCs.

• MJO affects TC genesis in two ways: the population of seed disturbances and the fraction of them developing into 
TCs. 

Fraction of seeds developing into TCsWP: # TCs (solid) and # seeds (dashed)EP: # TCs (solid) and # seeds (dashed)

P2+3 P4+5 P6+7 P8+1
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

# 
of

 T
C

s 
(s

ol
id

)

 

 

P2+3 P4+5 P6+7 P8+1
0

100

200

300

400

500

600

700

800

900

1000

1100

# 
of

 S
ee

ds
 (d

as
he

d)
TCs
Seeds

P2+3 P4+5 P6+7 P8+1
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

# 
of

 T
C

s 
(s

ol
id

)
 

 

P2+3 P4+5 P6+7 P8+1
0

100

200

300

400

500

600

700

800

900

1000

1100

# 
of

 S
ee

ds
 (d

as
he

d)

TCs
Seeds

P2+3 P4+5 P6+7 P8+1
0

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1
0.11
0.12
0.13

TC genesis fraction

 

 

EP
WP



TC Rain Rate and Intensification Rate

17
suggests that thermodynamic structures of TCs could be
partly responsible for the intermodel diversity of TC
intensity in GCM simulations.
The magnitudes of the surface heat fluxes in the sim-

ulated TCs are greater than those of the net column
radiative flux convergence, but the radial gradient of the
net column radiative flux convergence is comparable to
that of surface turbulent heat flux for weak TCs, high-
lighting the importance of cloud–radiative feedbacks
during the early developmental phases of TCs. This is
consistent withWing et al. (2016, 2019), who performed a
moist static energy variance budget analysis of TC for-
mation and intensification, in which the surface heat flux
and net column radiative flux convergence are two of the
budget terms. Models that produce greater rainfall in the
inner-core regions tended to simulate stronger TCs more
frequently, as in Kim et al. (2018), which are consistent
with previous theoretical studies. This relationship was
noted across almost all of the simulations examined in
this study.
It is likely that model attributes other than horizon-

tal resolution—such as convection parameterization
schemes—also exert influence on GCM-simulated TC
structures. To fully understand TC structures that are
simulated differently by different models, it is necessary
to evaluate the roles of all model configurations. The
focus of the current study is to examinewhether and how
much of the differences in simulated TC structures could
be attributed to differences in the horizontal resolution of
the models alone with an opportunity-based multimodel
ensemble. We plan on investigating the roles of many

other important model attributes on GCM-simulated TC
structures in a future study.
This study hasmade comparisonsmostly amongGCM-

simulated TCs, so it was difficult to determine which
GCMs produce more realistic TCs than others without
quantifying the degree of the bias in GCM-simulated TC
structures against the observations. Efforts are under way
to construct an observation-based TC reference state,
against which fair GCM TC evaluations can be per-
formed, as similarly done by Gao et al. (2019).
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precipitable water and relative humidity do not appear
to show systematic variations with horizontal resolution,
except that their inner-core structures aremore compact
with smaller horizontal grid spacing, which likely reflects

the smaller RMWs in the higher-resolution TC simula-
tions. The highest inner-core rainfall rates do not appear
to be associated with the greater amount of the free-
tropospheric precipitable water or CRH. Perhaps the

FIG. 7. Azimuthally averaged 100–850 hPa precipitable water for TC snapshots that have the intensity of (a)–(c) 18–21 and (d),(e)
30–33m s21 for the (left) 0.258, (middle) 0.58, and (right) 18 simulations.

FIG. 6. Azimuthally averaged rainfall rates for TC snapshots that have the intensity of (a)–(c) 18–21 and (d),(e) 30–33m s21 for the (left)
0.258, (middle) 0.58, and (right) 18 simulations.
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• E3SMv1 reasonably simulates the large-scale MJO precipitation anomaly patterns as well as the modulation 
of diurnal cycle over the Maritime Continent islands 

• Horizontal moisture advection plays an important role in the MJO modulation of MC land diurnal cycle
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