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Abstract

This study evaluates the prediction of MJO teleconnections in two versions of the NOAA
Unified Forecast System (UFS): prototype 5 (UFSS5) and prototype 6 (UFS6). The differences
between the two prototypes in the number of vertical layers (64 in UFS5 vs. 127 in UFS6) and
the model top (54 km in UFSS5 vs. 80 km in UFS6) can potentially impact the prediction of MJO
teleconnections. With respect to ERA-Interim, the global teleconnections of the MJO to the
Northern Hemisphere show similar biases in 500hPa geopotential height over the North Atlantic
and European sectors in both prototypes, whereas UFS6 has slightly smaller biases over the
North Pacific region. Both prototypes capture the extratropical cyclone activity occurring in
weeks 3-4 over the North Atlantic after the MJO phases 6-7 and over the North Pacific and
North America after MJO phases 4-5. Both prototypes successfully forecast the sign and
approximate locations of 2-meter temperature anomalies over the mid-to-high latitude continents
occurring in weeks 3-4 after MJO phase 3 but fail to capture the sign reversal of anomalies over
North America between weeks 3 and 4 after MJO phase 7. Overall, the two prototypes show
similar performance in simulating the tropospheric basic state as well as prediction skill of the
MJO and MJO teleconnections, suggesting that the increase in model vertical resolution and
model top does not strongly improve the prediction of MJO teleconnections in the troposphere in

UFS.

Key Words

MJO teleconnections; Subseasonal-to-seasonal forecast; model vertical resolution; UFS.
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1. Introduction

The subseasonal-to-seasonal (S2S) time scale (2 weeks to 2 months) defines an
intermediate time range between short-term weather (up to 10 days) and climate variations. S2S
forecasting plays a critical role in various socio-economic sectors, including agriculture, water
management, energy, public health, and disaster preparedness (White et al, 2022). By providing
information on potential shifts in weather patterns (e.g., blocking, midlatitude baroclinic waves),
extreme events (e.g., heat waves, heavy rain), and climate anomalies (e.g., North Atlantic
Oscillation, Pacific North American pattern), S2S forecasts help decision makers, planners, and
stakeholders make informed choices (Mariotti et al. 2020).

One of the primary sources of predictability on S2S timescales comes from atmospheric
variability patterns, such as the Madden-Julian Oscillation (MJO; Xie et al. 1963; Madden and
Julian 1971, 1972). The MJO is a large-scale phenomenon in the tropics that persists for several
weeks and exerts a significant influence on weather patterns in the extratropics via atmospheric
teleconnections (Matthews et al. 2004; Ferranti et al. 1990; Mori and Watanabe 2008; and Seo
and Lee 2017; Stan et al. 2017). This tropical phenomenon is characterized by a pattern of
enhanced and suppressed convection that moves eastward along the equator. The MJO
teleconnections affect the extratropics via two pathways: 1) a tropospheric Rossby wave train and
i1) stratosphere-troposphere coupling (Schwartz and Garfinkel 2017; Jiang et al. 2017; Barnes et
al. 2019).

As S28 forecast models have been upgraded, the prediction of MJO teleconnections has
improved (Stan et al. 2022). Some of the upgrades include the use of new observational datasets
and/or data assimilation techniques, technical model developments (e.g., improved physics

parameterizations, increased complexity), and increased computational power (e.g., allowing



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

more ensemble members and higher resolution simulations). In spite of this progress, MJO
teleconnections remain challenging to predict in S2S models, and it is unclear what types of
model improvements would benefit these predictions the most. One of these potential
improvements for the representation of teleconnections is related to the choice of the number of
levels used for vertical discretization, vertical resolution in the stratosphere, and/or the location
of the model top (Charlton-Perez et al. 2013, Butler et al. 2016; Cai et al. 2017, Schwartz and
Garfinkel 2020, Feng et al. 2021, Stan et al. 2022). In the literature, the definition of low versus
high top models varies across studies. For instance, Charlton-Perez et al. (2013) categorize
models in the fifth Coupled Model Intercomparison Project (CMIPS5) as high-top if they have a
model top above the stratopause and relatively fine stratospheric vertical resolution, and as low-
top if their model top is below the stratopause. Based on these criteria, models with fewer than
40 levels and a top around 1hPa are characterized as low-top models. For evaluating the
representation of the stratosphere in subseasonal prediction models, Domeisen et al. (2020a)
classified high-top models as models with a top model level above 0.1hPa and several levels
above 1hPa. High-top models under such definition allows for resolving wave-mean flow
interactions in the lowermost mesosphere in which stratospheric vortex perturbations often
originate (Chandran et al. 2014).

Vitart (2017) suggests that S2S models with higher horizontal resolution have a better
MJO teleconnection in the troposphere. Richter et al. (2020) show that an increase in vertical
resolution in the stratosphere does not improve the prediction of the MJO. However, how vertical
resolution impacts the MJO teleconnections in forecast models has not been explored in the
literature. Here, we examine the prediction of the MJO and its teleconnections to the extratropics

through the troposphere only. The prediction of the stratosphere usually benefits from increased
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vertical resolution (e.g., Son et al. 2020; Domeisen et al. 2019; Wicker et al. 2023), which may in
turn improve the prediction of the troposphere via downward coupling (e.g., Domeisen et al.
2020b). Thus, we devote a later, companion paper to the stratospheric pathway (hereafter Part
II). In addition to an evaluation of the pattern and amplitude of teleconnections in the large-scale
circulation, we examine the extratropical cyclone activity, surface air temperature, and
precipitation over the Northern Hemisphere (NH). Because model biases can have an impact on
the prediction of MJO teleconnections (Wang et al. 2020b; Zhou et al. 2020; Zheng and Chang
2020; Vitart et al. 2022; Garfinkel et al. 2022; Lawrence et al. 2022), an evaluation of mean
biases is also conducted.

The MJO associated convective anomalies, which act as diabatic heating sources, induce
Rossby waves that propagate in the extratropics. The MJO teleconnections are driven by these
Rossby waves and associated processes (e.g., Matthews et al. 2004; Riddle et al. 2013; Seo and
Son 2012). These Rossby waves may be modulated by the MJO associated diabatic heating (e.g.
Seo and Son 2012, Seo and Lee 2017, Zheng and Chang 2019), the extratropical basic state,
particularly the extratropical jet stream which influences the propagation characteristics (Wang
et al. 2020b; Zhou et al. 2020; Zheng and Chang 2020; Vitart et al. 2022), as well as moist
processes in the extratropics which influence wave formation (Pfahl et al. 2015). To understand
how the distribution of vertical levels in the atmospheric model influences the prediction of MJO
teleconnections, we will assess each of these processes as well as the prediction skill of the MJO
(tropical diabatic heating).

In this study, we examine the impacts that the distribution of vertical levels in the
atmospheric model and the location of the model top have on the prediction of MJO

teleconnections in the UFS global coupled model. The Unified Forecast System (UFS) global
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coupled model (Stefanova et al. 2022) is the newest generation of the S2S operational
forecasting system from the National Oceanographic and Atmospheric Administration. The
development of UFS consists of a sequence of 8 Prototypes with incremental upgrades. An
increase in the number of vertical levels and model top was included in the upgrade from
Prototype (i.e., version) 5 to Prototype 6.

The remainder of this paper is organized as follows: In section 2, we describe the models
and observations that are used in this study; results from the simulations are compared with
observations in section 3; and we conclude with a summary and discussion of the results in

section 4.

2. Data and models
a. Forecast Models

Reforecasts from two versions of the UFS Coupled Model, Prototype 5 and 6 (UFS5 and
UFS6), developed by the National Centers for Environmental Prediction (NCEP), are used in this
study. The model components of UFS5 and UFS6 are summarized in Table 1. The only
difference between these two prototypes is in the atmospheric component of the model. Both
prototypes have the same oceanic component (GFDL MOM®6 model; Adcroft et al. 2019), sea ice
component (Los Alamos CICE6 model) with tripolar 0.25° global grid, and large-scale ocean
waves component (WW3DG 2019). In MOMS, the tripolar grid uses 75 hybrid depth-isopycnal
coordinates. In CICE®, the tripolar grid is configured with 7 layers for the 5 ice categories and 1
layer for snow. The coupling across the atmosphere, ocean, and sea ice component is achieved
via the Community Mediator for the Earth Prediction Systems (CMEPS). The atmospheric

component in both prototypes uses the FV3 dynamical core on the cubed-sphere grid (Putman
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and Lin 2007; Harris and Lin 2013) at C384 (~0.25°) horizontal resolution and the Common
Community Physics Package (CCPP) for physics parameterizations which includes the Noah
Land Surface model (LSM). However, the two prototypes have a different distribution and
number of vertical layers which increases from 64 in UFSS5 to 127 in UFS6. The model top also
increases from 54 km in UFSS5 to 80 km in UFS6. In Fig. 1, the thickness of each model layer is
shown as a function of pressure and compared between the two UFS versions. UFS6 has 11
levels beyond the model top of UFSS5. The figure also shows the layer thickness as if UFSS5
vertical resolution were doubled (the thickness of each layer is reduced by 50%). Below
~270hPa (the gray line), UFS6 resolution is slightly higher than doubling UFSS resolution, while
above ~270hPa, UFS6 resolution is lower than doubling UFSS5 resolution. Note that between
5hPa to 50hPa, UFS6 resolution is much closer to UFSS5 resolution than to doubling UFS5
resolution, meaning less increase in the vertical resolution of UFS6. In general, UFS6 vertical
resolution is about double compared with UFS5 from the surface to the lower stratosphere
(~100hPa). Following the definition in Domeisen et al. (2020a), who compared a wide range of
subseasonal forecast models, UFSS5 is classified as a low-top model (model top not high enough
despite having 64 vertical levels, meaning poor resolution near the stratopause) and UFS6 is

classified as a high-top model.
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Fig. 1 Vertical resolution of UFSS5 (red) and UFS6 (blue). The pressure of each model layer is represented
on the y-axis, while the thickness of each layer is represented on the x-axis. The dashed line depicts the
distribution as if the thickness of each UFS5 model layer is reduced to its half (doubling UFS5 vertical

resolution). The gray line represents the pressure level of 270 hPa.
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Table. 1 Model components of UFS5 and UFS6.

The atmospheric physics package is also upgraded from GFSv15.2 in UFS5 to GFSv16 in

UFS6. The upgrades in GFSv16 include: (a) updates in the calculation of the solar radiation

absorption by water clouds and cloud overlap assumptions in the Rapid Radiative Transfer

Method for General Circulation Models (RRTMG) scheme, which handles shortwave and

longwave radiation; (b) updates of the scale-aware hybrid eddy-diffusivity mass-flux (EDMF)

scheme (Strobach 2021, 2022) for the planetary boundary layer (National Centers for

Environmental Prediction 2019a); (c) addition of a parameterization for sub-grid scale non-

stationary waves in the gravity wave drag parameterization scheme; (d) updates in the

computation of the ice-cloud effective radius in the microphysics scheme (Zhou et al. 2022); (e)



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

upgrades in Noah LSM in calculating the heat flux over snow covered surface, and incorporating
the vegetation impact on surface energy budget over urban areas. In addition, UFS6 uses
fractional grids in the atmospheric component, which allow grid cells along the lake shores and
coastlines to be partially covered by land, open water, or sea ice; while in UFSS5, each grid cell
consists of either 100% land or 100% water. It has been well documented by previous studies
(e.g., McTaggart-Cowan et al. 2019; Bauer et al. 2013; E. Lee et al. 2019) that increasing model
vertical resolution without changing model physics results in changes in model mean state and
possible degradation in prediction skill. Single column experiments in UFS also confirm this
point (see Text S1 and Figs. S1-2). Thus, model physics always needs to be tuned or upgraded
when model vertical resolution increases, meaning a comparison of numerical prediction models
with different vertical resolution is generally accompanied by changes in model physics.

In short, the differences between UFS5 and UFS6 are limited to the atmospheric model
component, with UFS6 having doubled vertical resolution and upgraded physics compared to
UFSS.

Reforecasts from April 2011 to March 2018 are generated by NCEP for both UFS5 and
UFS6. Each reforecast is initialized on the first and fifteenth of each month (168 deterministic
reforecasts in total) and forecast lead time extends to 35 days. Both prototypes use the Climate
Prediction Center (CPC) Hybrid Global Ocean Data Assimilation System for the ocean model's
initial conditions, CPC ice analysis for the sea ice model's initial conditions, and Climate
Forecast System version 2 (CFSv2; Saha et al. 2014) for generating the initial conditions of the
wave model. Additionally, the atmospheric initial conditions are interpolated from CFSv2 real-
time data assimilation. Thus, the two prototypes are initialized in the same way, except that the

atmospheric initial conditions provided by CFSv2 are interpolated to different vertical levels (64

10
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layers for UFSS5 and 127 layers for UFS6). Note that the initial conditions of UFS6, interpolated
from CFSv2 assimilation which is on a lower vertical resolution (64 layers) than UFS6, may

influence the performance of UFS6.

b. Data

We compare the reforecasts described above with reanalysis data and observational
products. We use surface air temperature (T2m), wind, and geopotential height from the
European Centre for Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-
Interim, hereafter ERA-I; Dee et al. 2011) at 1.5° horizontal resolution. Note that using ECMWF
Reanalysis v5 (ERAS; Hersbach et al. 2020) yields very similar results compared with using
ERA-I. We decide to make use of ERA-Interim to be more comparable to a recent assessment of
MJO teleconnections in S2S models by Stan et al. (2022). Daily precipitation data for
verification is from the Integrated Multi-satellitE Retrievals for GPM (IMERG; Huffman et al.
2015), which is provided at a 0.1° horizontal resolution. Outgoing Longwave Radiation (OLR)
data is the NOAA Advanced Very High-Resolution Radiometer (Liebmann and Smith 1996)
product at 2.5° horizontal resolution. Both observations and reforecast data are regrided to 1.5°

horizontal resolution.

¢. Methods
The methods used for the evaluation of the MJO and MJO teleconnections in the
reforecasts have been developed in previous studies and applied to other S2S forecast systems

(e.g., Kim et al. 2018, Stan et al. 2022). The focus of the evaluation is on extended boreal winter

11
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(November to March) for which 70 reforecasts in each prototype are initialized during the
analysis period. The MJO is defined by the real-time multivariate MJO (RMM) index (Wheeler
and Hendon 2004). The RMM index is constructed from the 1st and 2nd principal components of
the combined empirical orthogonal functions (EOFs) of 15°N and 15°S averaged OLR, zonal
wind at 850hPa and 200hPa. The phases and amplitude of the MJO are calculated with the RMM
index following Wheeler and Hendon (2004).

Active MJO events are defined as times when the observed RMM amplitude is larger
than one standard deviation at the time when the reforecasts are initialized. There are 48 active
MJO initializations in total during the analysis period. Lagged days of RMM phases are defined
as days after the reforecast initialization time when the MJO is active in a specific RMM phase at
initialization. We evaluate the skill for the RMM index, MJO teleconnections of 500hPa
geopotential height (Z500), T2m, precipitation, and extratropical cyclone activity.

Forecast RMM indices are obtained by projecting the predicted OLR and zonal wind
anomalies onto the observed eigenvectors following Gottshalck et al. (2010). To evaluate the
MJO prediction skill, the bivariate anomaly correlation coefficient (ACC) and root mean-squared
error (RMSE) between the predicted and observed RMMs are calculated following Kim et al.
(2018).

The climatology of each prototype, which is a function of initialization time and lead
time, is defined by averaging the reforecasts that are initialized on the same day of each year
(e.g., averaging all reforecasts initialized on January 1 during the period 2011-2018). Then, the
anomalies of reforecasts are obtained as the deviation from the prototype’s climatology.
Reanalysis climatology and anomalies are calculated in the same way during the same time

period (2011-2018). For the RMM calculation, the 120-day moving average was removed from

12
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the climatology before computing the anomalies. The reforecasts are extended backwards using
observations.

The Sensitivity To the Remote Influence of Periodic Events (STRIPES) index (Jenney et
al. 2019) is applied to evaluate the global MJO teleconnections of Z500 and precipitation in the
extratropics. The STRIPES index represents the strength and consistency (across different MJO
events) of the MJO teleconnections during the MJO events’ life cycles. The index is positively
defined and has no upper bound. To obtain the index, lagged composites of atmospheric
variables across all MJO phases for a range of lead times are constructed; then the STRIPES
index is calculated as the amplitude of the 1-D vector that results from taking diagonal averages
of the 2-D matrix of lagged composite anomalies. The propagation of the MJO is considered in
the calculation through specification of the slope of the diagonal used in the calculation of the
diagonal averages. This slope reflects the MJO’s observed propagation rate of roughly 5 to 8
days per phase. A larger value of the index represents stronger sensitivity to the MJO influence
over a region. More details of the method to calculate the STRIPES index can be found in Jenney
et al. (2019).

Anomaly correlation can be applied to further evaluate the performance of UFS in
predicting the MJO-induced circulation (geopotential height) anomalies in the patterns
highlighted by the STRIPES index. Two diagnostic metrics introduced in Wang et al. (2020a) are
adopted for this purpose: (a) the pattern correlation coefficient (pattern CC) and (b) the relative
amplitude. The pattern CC between the MJO teleconnections of reanalysis and prototypes is
calculated over the region where the MJO-associated Z500 anomalies show large variability. The
relative amplitude is defined as the Z500 anomaly standard deviation in UFS over the PNA

region divided by that in ERA-I.
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The model performance in simulating the MJO influence on T2m and extratropical
cyclone activity is evaluated by lagged composites of different MJO phases, as well as pattern
correlation coefficients of lagged composites between the UFS and ERA-I. The extratropical
cyclone activity is represented by the 24-h difference filtered eddy kinetic energy at 850hPa

(EKES850) following Yau and Chang (2020),

EKE850(t) = %{[U850(t ¥ 24h) — UB50(6)]? + [V850(t + 24h) — V850(t)]2}

Here, the overbar denotes the average during weeks 3-4. U850 and V850 represent the zonal and
meridional wind at 850hPa, respectively. The 24-h difference filter, first introduced in Wallace et
al. (1988), highlights synoptic-scale variability with periods between 1.2 and 6 days. Many
previous studies have shown that the spatial maxima of this 24-h difference filter correspond
well with geographical locations where extratropical cyclones exist. The EKE850 obtained from
the filtered velocity anomalies represents eddy kinetic energy associated with extratropical
cyclones (storm tracks), which is highly correlated with winter precipitation and high wind
events (Yau and Chang 2020).

To illustrate how the biases in the jet may influence the MJO-teleconnections, we make
use of stationary wave number K on Mercator coordinates (Karoly 1983; Hoskins and Ambrizzi
1993):

K= G

where a is the radius of the Earth; U, is the Mercator zonal wind, which is 300-hPa zonal wind

divided by the cosine of the latitude. The overbar means a long term average. 5, is the

meridional gradient of absolute vorticity on a sphere,

_Z.QCOSZQ 9 1 0 i 2
M a dy [60329 ay( m)cos=0]
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where (2 is the Earth rotation rate, and 6 is latitude. Stationary Rossby waves with zonal wave
number k are expected to be reflected at or decay beyond the turning latitude, where K, = k.
Thus, stationary Rossby waves have to propagate within the region defined by K; = k and
cannot propagate into regions where K < k. So, the regions with maximum K are often referred
to as midlatitude waveguides (Hoskins and Ambrizzi 1993). Previous studies have applied this to
understand the MJO teleconnection under different background flows (Zheng and Chang 2020;
Henderson et al. 2017; Wang et al. 2020b).

The statistical significance of MJO teleconnection composites is assessed using a
bootstrap method. For a particular MJO teleconnection composite map, we produce 1,000 similar
bootstrap composite maps (samples). Each random bootstrap map consists of the same number of
“MIJO events” as the original composite, and the “MJO events” are randomly selected in the
reforecasts during wintertime regardless of RMM phase or amplitude. The composite value at
any grid point of the map is considered statistically significant if it is within the top 2.5% or

bottom 2.5% distribution of the 1,000 bootstrap samples.

3. Results
Before investigating MJO teleconnections in the two prototypes, we first evaluate their

ability to forecast the tropospheric basic states and the MJO.

a. Model climatology of tropospheric basic state
We use model weekly biases (model climatology minus ERA-I climatology) to evaluate
the models’ tropospheric basic states; prediction skill is assessed from the RMSE between model

anomalies and ERA-I anomalies.
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Fig. 2 The first two rows show model bias in Z500 during weeks 1 through 4 for UFS5 and
UFS6. The numbers at the top-right corner of the bias plots represent area-weighted root mean
square bias over the NH. The third row shows the differences between UFS6 and UFSS5. Hashing
represents regions where differences are statistically significant at the 0.05 level based on a

bootstrap resampling calculation.
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Fig. 3 The first two rows show model RMSE in Z500 during weeks 1 through 4 for UFS5 and
UFS6. The numbers at the top-right corner of the bias plots represent area-weighted root mean
square RMSE over the NH. The third row shows the differences between UFS6 and UFSS.
Hashing represents regions where differences are statistically significant at the 0.05 level based

on a bootstrap resampling calculation.

We start with Z500, which represents the large-scale circulation in the extratropics (Fig.
2). The bias in Z500 grows from week 1 to week 4 in both prototypes, which is expected (Straus

et al. 2023) as the climatology tends to drift from the initial condition (observed climatology) to
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the model’s own climatology during the simulation. UFS6 has a larger bias over Eurasia but a
smaller bias over North America, compared with UFSS5. UFSS5 has a smaller bias than UFS6
when averaged over the NH (shown at the top-right corner of the panels). The spatial patterns of
7500 bias are similar across different weeks within each prototype, suggesting that the increase
of model bias is largely due to the error growth in simulating large-scale stationary waves. The
spatial patterns of Z500 bias are generally opposite to the climatological stationary waves (not
shown), particularly over North America, indicating that both prototypes underestimate the
amplitude of stationary waves, which will be further discussed in Part II.

The Z500 RMSE in both prototypes also grows from week 1 to week 4 (Fig. 3). UFS5
and UFS6 perform similarly in weeks 1-4. Regions with the largest RMSE are over the northern

flank of the jet exit over both the North Pacific and the North Atlantic.
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340  Fig. 4 Top panels: Model bias of U300 during weeks 1 through 4 for UFS5 and UFS6. The contours show
341 ERA-I climatology of U300, from 20 m/s to 60 m/s, with an interval of 10 m/s. The numbers at the top-
342  right corner of the bias plots represent area-weighted root mean square bias over the NH. The third column
343  shows the differences between the UFSS5 and UFS6. Hashing represents regions where differences are
344  statistically significant at the 0.05 level based on a bootstrap resampling calculation. Bottom panels:
345  Stationary wave number at 300-hPa in weeks 3-4 for ERAI, UFS5 and UFSé.
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Next, we assess the extratropical jet stream. As discussed in section 1, previous studies
(Wang et al. 2020b; Zhou et al. 2020; Zheng and Chang 2020; Vitart et al. 2022) show the
extratropical jet plays an important role in modulating the MJO teleconnection. The biases in
300-hPa zonal wind are shown in Fig. 4. The two prototypes show similar biases from week 1 to
4, as the biases grow. Both prototypes underestimate the magnitude of the jet over the core
regions of the North Pacific and North Atlantic jet and overestimate the magnitude of the jet over
the flanks of the North Pacific jet.

The stationary wave number K during weeks 3-4 is shown in Fig. 4. The biases in zonal
wind, which is negative over the jet core and positive over the flanks, lead to weaker waveguides
in the two prototypes, especially for UFSS5 at the jet exit region over the central and eastern
North Pacific. The white region to the north of the North Pacific jet, where K does not exist due
to negative §,, is also smaller in UFS5. Linear Rossby waves cannot propagate in this region.

Overall, the two prototypes show similar biases in the extratropical jet. The biases in
midlatitude waveguides, which significantly modulate the MJO teleconnections and depend on the
detailed structure of the jet, are smaller in UFS6 than in UFSS5, indicating potential benefits from
increased vertical resolution and upgrades in model physics.

Similar to biases of Z500, biases in EKE850 (Fig. 5) also amplify from week 1 to week 4.
The two prototypes show different spatial patterns of bias, particularly over the North Pacific. In
UFSS, the bias has a north-south dipole pattern, with stronger EKE850 over the northern flank of
the North Pacific storm track, and weaker EKE850 over the southern flank. In UFS6, EKE850 is
stronger than ERA-I over the entire North Pacific storm track. Both prototypes overestimate the

amplitude of the North Atlantic storm track starting from week 3.

20



369

370

371

372

373

374

375

The RMSE of EKES850 (Fig. 6) has maximum values over the North Pacific and North
Atlantic storm track regions, where the climatology of extratropical cyclone activity has the
highest values. UFS6 shows larger RMSE in both North Pacific and North Atlantic storm tracks
compared with UFSS5. The positive biases of EKE850 in UFS6 (Fig. 5) over both the North Pacific
and North Atlantic storm tracks mean that UFS6 overestimates the amplitude of storm tracks. This
also results in larger weekly variability of the storm track in UFS6 compared with UFSS (not

shown), likely leading to larger RMSE in UFSé6.
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376
377  Fig. 5 The first two columns: Model bias (shading) and climatology (contours) of extratropical cyclone
378  activity (EKE850). Contour interval is 30 m*s™. The numbers at the top-right corner of each panel represent

379  area-weighted root mean square bias over the northern hemisphere. The third column: The differences
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380  between UFS6 and UFS5. Hashing represents regions where differences are statistically significant at the

381  0.05 level based on a bootstrap resampling calculation.
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384  Fig. 6 The first two columns: RMSE of extratropical cyclone activity (EKE850). The numbers at the top-
385  right corner of the RMSE plots represent the area-weighted average of RMSE over the northern hemisphere.
386  The third column: The differences between UFS6 and UFS5. Hashing represents regions where differences

387  are statistically significant at the 0.05 level based on a bootstrap resampling calculation.
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In summary, the two prototypes display similar performance in prediction skill as well as
simulating the tropospheric basic states. Despite minor improvement in the extratropical
waveguides from UFSS5 to UFS6, there is no significant improvement in the tropospheric basic
states in the extratropics by increasing vertical resolution, which impacts the MJO teleconnection
as discussed in section 1. This indicates that higher vertical resolution is not likely to improve
MJO teleconnections via improvements in the tropospheric basic state. Prediction skill and
model bias in other fields affected by MJO teleconnections such as T2m and precipitation are

discussed in Text S2-3 and Fig. S3-6.

b. MJO prediction

The change in the MJO prediction skill between UFS5 and UFS6 is quantified using the
ACC and RMSE metrics. In both prototypes, the ACC continuously decreases and RMSE
increases as the forecast lead time increases (Fig. 7). The lead time when models reach an ACC
skill of 0.6 is about 16-17 days in both models, while it extends to 23 days in UFS5 and 20 days
in UFS6 for an ACC of 0.5. The RMSE increases as forecast lead time increases and the
difference between two prototypes is marginal. Bootstrapping tests show no significant
differences between the skill of UFS5 and UFS6 at any of the lead days (not shown). Overall, the
MJO prediction skill in both prototypes is in the relatively low skill model category when
compared with the recent forecasting systems (Kim et al. 2018, 2019). Note that the prediction
skill for active MJO cases at reforecast initialization (Fig. 7) and all reforecast cases (not shown)

1s almost the same.
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Fig. 7 MJO prediction skill for UFSS5 (red) and UFS6 (blue) reforecasts initialized with active MJO
events during boreal winter (NDJFM). The prediction skill is evaluated based on the bivariate anomaly
correlation coefficient (ACC, solid lines; Rashid et al. 2011) and root-mean squared error (RMSE, dashed
lines) between the model and observed RMM indices. Note that the MJO skill evaluation metrics are
explained in detail in Kim et al. (2018). The gray solid horizontal line indicates ACC of 0.5 and RMSE of

L.5.

Next, we consider the prediction of eastward propagation of wind and OLR anomalies
during strong (active) MJO events over the Indo-Pacific (Fig. 8). We focus on events initialized
during phases 2 and 3, when the MJO convective signal is located over the Indian Ocean. Most
forecast models predict weaker and slower than observed subsequent propagation across the
Maritime Continent, the so-called the Maritime Continent (MC) prediction barrier (Kim et al.
2019). To compare the broad-scale MJO propagation, OLR and zonal wind at U850 anomalies
are averaged over 15°S-15°N and displayed as a function of longitude and forecast lead (Fig. 8).
While the observed OLR and U850 continue to propagate to the Eastern Pacific, the predicted

signals in UFS5 weakens within a week although the U850 signal is somewhat captured until
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week 2. In UFS6, while the OLR and U850 signal is stronger than UFS5, the propagation speed
is too slow, similar to many of the recent forecast systems (Kim et al. 2019). The MJO
propagation speed, roughly estimated by the 0.3m/s 850-hPa zonal wind contour moving from
90°E to 120°E, is about 27 km/hr in observation, 10 km/hr in UFS5, and 9.2 km/hr in UFS6.
Note that this noisy signal is largely attributed to the small sample size used for averaging (16
events for phases 2 and 3).

The biases in MJO propagation in both UFS5 and UFS6 lead to similar biases in upper
level divergence in the tropics and subtropics (velocity potential in Fig. S8), which has been
found to be the key factor to drive the MJO teleconnection in the extratropics (e.g., Henderson et
al. 2017; Zheng and Chang 2020; Wang et al. 2020b). Similar biases can be found in the phases
6-7 composites (Fig. S7 and S9).

The increase in vertical resolution and upgrades in model physics do not show clear
improvements in predicting the MJO, consistent with Richter et al. (2020). From the results
above, increasing vertical resolution in UFS does not show significant benefits in predicting the
MJO and the tropospheric basic states (section 3a), which are the two major factors modulating
the prediction of the MJO teleconnection as discussed in section 1. This suggests that the
increase in vertical resolution may not improve the MJO teleconnection in the troposphere much.
We will test this hypothesis and analyze whether there are improvements in the MJO

teleconnection due to increased vertical resolution in the following subsections in section 3.
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Fig. 8 Longitude-time composites of OLR (W/m2; shading) and U850 (contour; interval 0.3 m/s)
anomalies averaged over 15°S-15°N for active MJO events starting from day 1 of the reforecasts
initialized in the MJO phases 2 and 3. The vertical lines indicate 120°E (approximately the center of the

Maritime Continent), respectively. A 5-day moving average is applied.

c. MJO teleconnections to the Northern Hemisphere geopotential height distribution

We first evaluate week 1 through 4 forecasts of the Z500 teleconnection following active
MJO events in phases 2-3 and 6-7 at initialization. The Z500 composites over the Northern
Hemisphere are shown in Fig. 9 (the MJO phases 2-3) and Fig. 10 (the MJO phases 6-7). Since
PNA-like patterns of MJO-teleconnection are noticeable in ERA-I in these MJO phases, we focus
on the PNA region (20°-80°N, 120°E-60°W, depicted by the black line). Both UFS5 and UFS6
capture the Z500 teleconnection relatively well during the first two weeks (pattern CC > 0.6), while
the weekly pattern CC becomes very small starting from week 3. In general, in UFS6 the pattern

CC of MJO teleconnections over the PNA region after the MJO phases 2-3 especially at week 3 to
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4 is higher than in UFS5. UFS6 performs better than UFSS5 in predicting teleconnection patterns
related to the MJO phases 6-7 at week 3 and has comparable/slightly lower skill than UFSS5 at
other lead times. Since UFS6 does not seem to better predict the evolution of the MJO initialized
in phases 6-7 (Fig. S7) and the associated upper level divergence (velocity potential at 200-hPa in
Fig. S9), the better performance of UFS6 at week 3 likely rises from a better simulation of the
extratropical evolution of teleconnections in UFS6. This is also suggested by the extratropical

waveguides in Fig. 4 as UFS6 is more similar to ERAI compared to UFSS.

28



468

469

470

471

472

473

474

475

ERA-l =

UFS5

°)

UFS6 =

UFS6 - UFS5 =

Phase 2-3 Z500 (m)

% 70 60 0 M0 @ 0 70 90
Fig. 9 Composites of the Z500 anomalies (Unit: m) from week 1 to 4 after MJO events in phases 2-3 in the
initial condition for ERA-I, UFS5, and UFS6, as well as the differences between UFS5 and UFS6. The
black line outlines the Pacific-North America region where the Pattern CC and relative amplitude of MJO
Z500 teleconnection are evaluated. Hashing represents regions where the anomalies are statistically
significant at the 0.05 level based on a bootstrap resampling calculation. Numbers in the upper right show

the pattern CC over the PNA region.

29



476
477

478

479

480

481

482

483

w
E

/////
AN

>\{ -
a o
W %
A 0 |
X

UFS6 - UFS5 =

Phase 6-7 Z500 (m)

-90 -70 -50 -30 -10 10 30 50 70 920

Fig. 10 Similar to Fig. 9, but for phases 6-7.

The average pattern CC of individual reforecasts, instead of pattern CC of the composites
(discussed above), is summarized in Fig. 11, which also includes the relative amplitude metric.
The decrease of the pattern CC below 0.5 during the second week of the forecast (Fig. 11a-b) is
similar to other S2S models (Stan et al. 2022). In weeks 3-4, the amplitude of teleconnections in

UFS6 is slightly closer to ERA-I values than in UFS5 for the MJO phases 2-3 (Fig. 11c) and
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overestimated for the MJO phases 6-7. Overall, UFS6 performs slightly better in capturing the

7500 teleconnections over the PNA region.
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Fig. 11 Pattern correlation coefficient (UFS vs ERA-I) and relative amplitude (UFS/ERA-I) of 500hPa

geopotential height anomalies over the PNA region (20°-80°N, 120°E-60°W) vs forecast lead days for the

MJO phases (a),(c) 2-3 and (b),(d) 6-7. Horizontal solid lines in (a) and (c) represent the reference line of
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pattern correlation at 0.5. Horizontal solid lines in (b) and (d) represent the reference line above (below)
which the Z500 anomalies are overestimated (underestimated) in UFS models. The color shadings indicate
the 95% confidence intervals for UFS5 (pink) and UFS6 (light blue) determined by the bootstrap test. The
lower boundary represents the minimum 2.5th percentile of the bootstrapping distribution between the

models, and the upper boundary represents the maximum 97.5th-percentile distribution between the models.

The pattern CC and relative amplitude metrics can be applied to other regions with an a
priori known influence of the MJO. The a priori requirement can be a disadvantage and a limitation
for revealing potential shifts in the regions of MJO influence in the model or spurious model

teleconnections. These limitations can be addressed by applying the STRIPES index.
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Fig. 12 (a) ERA-I weeks 2-3 extended winter Z500 STRIPES index, and the forecast error in (b) UFS5, and
(c) UFS6. For overlapping 2-week windows the ERA-I and forecast STRIPES index for Z500 averaged
over the (d) North Pacific (160°-220°E, 30°-55°N), (e) North Atlantic (270°-340° E, 30°-65° N), and (f)

Europe (348°-28°E, 32°-72°N). Boxes in panels (a-c) correspond to the regions shown in panels (d-f).

Fig. 12a shows the ERA-I winter STRIPES index for Z500 for weeks 2-3. The North

Pacific has the largest value of the STRIPES index, indicating strong co-variability of geopotential
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height with the MJO there. Larger values are also found throughout the extratropics, with near-
zero values in the tropics reflecting the small variability of geopotential height. Fig. 12b-c shows
the error in the STRIPES index for UFS5 and UFS6, respectively. Over the North-Pacific and
Northwestern North America regions, we see a low-high-low wave pattern in the UFSS5 error. This
error is reduced by about 10m in UFS6. Nonetheless, the spatial variance of the error over the
Northern Hemisphere (20°-90°N) is increased from 97.51 m? in UFS5 to 107.61 m? in UFS6,
which is largely contributed to by much stronger positive errors in UFS6 in Eastern Europe and
over the Arctic.

Next, we inspect the temporal evolution of the STRIPES index for different regions. Fig.
12d-f shows the time series of the STRIPES index from ERA-I, UFSS5, and UFS6 computed using
overlapping 2-week windows over the North Pacific, North Atlantic, and Europe (see Fig. 12). We
note that these are computed using the STRIPES index for each of ERA-Interim, UFS5, and UFS6,
which is positive definite (as in Fig. 12a). Over the North Pacific, where the MJO teleconnections
are mostly driven by the tropospheric pathway, the STRIPES index for Z500 peaks in weeks 2-3,
consistent with the time between Rossby wave excitation and propagation to the region. UFS5 and
UFS6 both roughly capture this delayed peak, however UFSS5 peaks a few days too early, while
UFS6 peaks a few days too late. Both UFS5 and UFS6 also have weaker magnitudes than ERA-I,
with UFS6’s magnitude improving somewhat from UFSS5 in the latter half of the forecast period,
while its magnitude worsens in the first third of the forecast period. These findings are consistent
with the results of the pattern CC and relative amplitude metrics. Over the North Atlantic, where
the MJO teleconnection can be influenced by both the tropospheric and stratospheric pathway, the
magnitude of the STRIPES index is smaller, with a delayed peak that occurs between weeks 3-5.

Both UFS5 and UFS6 capture this delayed peak, albeit with weaker magnitudes that do not
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noticeably improve between UFS5 and UFS6. Over Europe, the STRIPES index is roughly
consistent over time, with UFS5 and UFS6 both underpredicting the magnitude. Like the North

Atlantic, there is no noticeable change between UFSS and UFS6 over this region.

d. MJO teleconnections to the Northern Hemisphere storm tracks

One of the hallmark features of large-scale circulation variability is over the storm track
regions. The extratropical cyclone activity in weeks 3-4 of the forecasts of the two UFS prototypes
and ERA-I are shown in Fig. 13 as composites of the MJO phases 8-1, 2-3, 4-5, and 6-7 at the
initial time of the forecasts. We focus on phases 4-5 and 6-7 when the teleconnection signal is
more significant in ERA-I. For phases 4-5 (Fig. 13g-i), both prototypes capture the strong
anomalies in the extratropical cyclone activity over the North Pacific. The east-west dipole pattern
over the North Pacific is better captured by UFS6, while the spatial patterns in UFSS display a
north-south shift of the storm track. The weakening of the storm track over the North America and
North Atlantic seen in ERA-I is captured by both prototypes; however, they predict enhanced
extratropical cyclone activity over southeast US, which is not consistent with the ERA-I. For
phases 6-7 (Fig. 13j-1), there is an east-west dipole pattern of the storm track over the North Pacific
in ERA-I, and both prototypes simulate this east-west dipole pattern. However, the dipole pattern
is shifted further eastward in UFS5, while UFS6 captures the pattern over a location that is more
consistent with ERA-I. Both prototypes also capture the north-south dipole pattern over the North

Atlantic.
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Fig. 13 Composites of week 3-4 extratropical cyclone activity (EKE850) when MJO is in phases 8-1 (a-c),
2-3 (d-f), 4-5 (g-i) and 6-7 (j-1) at reforecast initialization time. The first row shows the composites of ERA-
I, while the second, third, and fourth rows show the composites of UFS5, UFS6, and differences between
UFSS5 and UFS6, respectively. Hashing represents regions where anomalies are statistically significant at
the 0.05 level based on a bootstrap resampling calculation. Pattern correlation between prototypes and
ERA-I over the northern hemisphere (20°-80°N) is shown in the upper right corner of each panel for UFS5

and UFS6.
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As discussed in Stan et al. (2022), models that better capture the MJO teleconnections of
the large-scale circulation (Z500) also better capture the MJO teleconnections of the storm track,
due to the fact that the interaction between the storm track and the large-scale circulation is
symbiotic in nature (e.g. Cai and Mak 1990). The spatial pattern correlation between prototypes
and ERA-I for extratropical cyclone activity and Z500 over the North Atlantic (20°-80°N, 90°W-
30°E), the North Pacific and North America (20°-80°N, 120°E-90°W), and the northern
hemisphere (20°-80°N) is summarized in Fig. 14. Consistent with the discussion above, across
different MJO phases, the teleconnection to the storm track is better captured (e.g., phases 4-5, 6-
7) when the teleconnection of Z500 is also better predicted. The pattern correlation is near zero or
negative for MJO phases 8-1 and 2-3, partially due to the fact that MJO teleconnections in both
large-scale circulation (section 3¢) and the storm track are weak in ERA-I. These MJO phases are
only shown for the completeness of storm track analysis. For phases 4-5 and 6-7, the pattern
correlation is higher in UFS5 than UFS6 over the North Atlantic (Fig. 14a); however, the pattern
correlation over the North Pacific and North America is higher in UFS6 than in UFSS. Over the
Northern Hemisphere (Fig. 14c), the two prototypes have very similar pattern correlation for the
MJO phases 4-5, while UFS6 has a higher pattern correlation in extratropical cyclone activity than

UFSS5 for phases 6-7.

37



579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

a) North Atlantic b) North Pacific + North America c) Northern Hemisphere
1 1 L 1 - 1 PR ISR N NS SN SN AN SRS A NN SN SN S Y AN S S SV L
i | L B | | B |
0.8 - ‘ 0.8 i 0.8 i
j L j ol j }
A Or | E
,,,,,,,,,,, [ —— 4 4 [ R A7 + 4 — QR
Q 04 - 0 | Fo4 | 0.4 il
3 ] o/ L | L A
s ] o | I o 3 L] |
£ 0.0 F0.0 ! +0.0 - !
] [ ] X o [ ] |
8 ! v X |
c ! I
= 4 (@] | t 4 L i |
204 4 | 0.4 | F-0.4 — |
© 4 | L 4 | L 4 |
4 L 4 | L | |
08 - ‘ Los - o8 - i
1 | B 1 [ 1 |
T T T L L B BN | T T T T
0.8 0.4 0.0 0.4 0.8 0.8 0.4 0.0 0.4 0.8 0.8 0.4 0.0 0.4 0.8
Pattern corr z500 Pattern corr z500 Pattern corr z500
Week 3-4 O Phase 8-1 X Phase 2-3 O Phase 4-5 A Phase 6-7
UFS5 vs ERA-I UFS6 vs ERA-I

Fig. 14 Pattern correlation of week 3-4 composites of EKE850 (y-axis) and Z500 (x-axis) between ERA-I
and UFS5 (red) or UFS6 (blue) over the North Atlantic (20°-80°N, 90°W-30°E), the North Pacific and
North America (20°-80°N, 120°E-90°W), and the Northern Hemisphere (20°-80°N). Different symbols
represent different MJO phases. The solid line shows the 1:1 line. The dashed lines represent 0.5 pattern

correlation coefficient.

e. MJO teleconnections to the Northern Hemisphere 2-meter temperature distribution

Next, we focus on how the prototypes predict the MJO-induced T2m teleconnections over
the Northern Hemisphere. In ERA-I, the MJO phase 3 is followed 3-4 weeks later by a cold
anomaly over the Arctic region, while subpolar regions show a warm anomaly (Fig. 15). Both
prototypes forecast the sign, amplitude, and approximate locations of temperature anomalies seen
in ERA-L In both prototypes, the pattern correlation for each of the two weeks is smaller than in
any of the models in the S2S database (Stan et al. 2022). Over Northern America, UFSS5 does not
maintain the persistence of the pattern from week 3 to week 4. UFS6 maintains the patterns over

North America but not over East Asia or Europe.
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Fig. 15 Composites of T2m anomaly in week 3 (left column) and 4 (right column) after the MJO phase 3
in ERA-I, UFS5, and UFS6, as well as differences between UFS6 and UFS5. Dotted areas denote anomalies
statistically significant at the 0.05 level based on a bootstrap resampling calculation. Numbers in the upper

right corners show the pattern correlation between reforecasts and ERA-L
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Fig. 16 The same as Fig. 15, but for the MJO phase 7.
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For the MJO phase 7 (Fig. 16), the sign of the T2m anomaly over North America reverses

from week 3 to week 4. Both prototypes struggle to capture this reversal of sign displayed by ERA-

I. The cold anomaly over Eurasia is more or less captured by UFS5 but not by UFS6, which is

likely the reason why UFSS5 has higher pattern correlation in week 4 than UFS6.

f- MJO teleconnections to Northern Hemisphere precipitation
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STRIPES indices for observed precipitation are shown in Fig. 16a. Large values are present
over the storm tracks, over the central west coast of North America, over the southeastern US, and
around the coasts of Europe. Errors in the forecast STRIPES index for UFS5 and UFS6 are shown
in Fig. 17b-c, respectively. Despite a positive climatological error in precipitation (Fig. S5),
interestingly the STRIPES error is negative throughout most of the Northern Hemisphere. An
exception to this pattern is present over North America, especially the central west, where the error
is positive. The Northern Hemisphere (20°-90° N) variance of the STRIPES bias for precipitation
is somewhat increased from 1.32 to 1.38 (mm day')? between UFS5 and UFS6.

Next, we inspect the temporal evolution of the STRIPES index for precipitation for
different regions. Fig. 17d-f shows the time series of the STRIPES index from observations, UFSS5,
and UFS6 computed using overlapping 2-week windows over the North Pacific, North Atlantic,
and Europe. The magnitude is underpredicted by about 1.5 mm day! for all regions, and unchanged
between UFSS5 to UFS6. This is consistent with a similar underestimation of the magnitude of the
STRIPES index for Z500 by both prototypes (section 3c). The MJO modulates extratropical
precipitation via teleconnection of large-scale circulation (e.g., Z500). Thus, it is not surprising
that UFS5 and UFS6 underestimate the precipitation variability associated with the MJO
(STRIPES index of precipitation; Fig. 17), since the MJO-related variability of large-scale

circulation (STRIPES index of Z500; Fig. 12) is also underestimated.

4. Summary and Discussion
Two versions of the UFS model, referred to as prototype 5 (here, UFS5) and 6 (UFS6),
have been evaluated and compared to determine their ability to forecast the climatology of

tropospheric basic states, the MJO, and its extratropical teleconnections. The comparison was
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motivated by the different vertical resolutions (more layers in UFS6) and location of model top
(higher top in UFS6) in the atmospheric component of the two prototypes. A caveat of the study
is that UFS6 also has other updates in the physics parameterizations and due to the nature of the
model data the relative impacts of physics and grid changes cannot be disentangled. Because the
vertical resolution is roughly doubled the implicit assumption is that the observed differences are
related to the changes in the vertical grid rather than the minor updates in the physics
parameterizations. Since model physics is sensitive to model vertical resolution as discussed in
section 2, in practice a clean comparison with identical model physics and different model
vertical resolution is currently not reasonable. The two prototypes share the same ocean, sea ice,
wave, and land model components.

The two prototypes display similar biases in the tropospheric basic state and prediction
skill in Z500, T2m, extratropical cyclones, and precipitation. In terms of the prediction of the
MJO, UFSS skill is slightly higher after week 3 compared to UFS6, but not comparable to most
recent forecast models (e.g., Kim et al. 2018 and Kim et al. 2019). Both models also have large
biases in predicting the eastward propagation of the MJO especially over the MC. The MC
barrier effect is often exaggerated in both forecasting and climate models, making it one of the
major deficiencies in predicting the MJO. The reasons for this bias are complex and beyond the
scope of this study

The pattern and amplitude of large-scale circulation (Z500) teleconnections are slightly
better captured by UFS6 compared with UFS5. The two prototypes show similar biases in
capturing the MJO-related variability of Z500 over the North Atlantic and Europe, while UFS6
has smaller biases over the North Pacific region than UFSS5. This improvement in UFS6 is

consistent with the results from pattern CC and the relative amplitude of Z500 over the PNA
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region, which is possibly due to a better representation of the waveguide over the North Pacific
in UFS6. This is similar to Vitart et al. (2022), who attributed the errors in the MJO
teleconnection in the ECMWF IFS model to the biases in the upper troposphere large-scale
circulation over the central North Pacific. Despite the improvement in UFS6, both UFS5 and
UFS6 underestimate the MJO-related variability of the large-scale circulation over the North
Atlantic, the North Pacific and Europe.

Similarly, the precipitation variability associated with the MJO is also underestimated
and unchanged between both prototypes.

For weeks 3-4 extratropical cyclone activity, the two prototypes capture the MJO-
associated signal in RMM phases 6-7 over the North Atlantic (consistent with S2S models; Stan
et al. 2022), and phases 4-5 over the North Pacific and North America (further discussion
below). As the variability of extratropical cyclone activity is highly modulated by the large-scale
circulation, the MJO-related extratropical cyclone activity signal is better captured by the two
prototypes when the MJO-related large-scale circulation is well predicted, consistent with Stan et
al. (2022). For weeks 3-4 T2m, both prototypes forecast the sign and approximate locations of
temperature anomalies over the mid-to-high latitude continents for RMM phase 3. For phase 7,
both prototypes fail to capture the sign reversal over North America from week 3 to 4 in the
ERA-I, while cold anomalies over Eurasia are better captured by UFS5 than UFS6, which likely

results in higher T2m pattern correlation in UFSS.

Comparison

MJO RMM index ACC in week 3 is higher for UFS5thanfor
UFS6. UFSS5 and UFS6 show similar
biases in MJO propagation speed and
amplitude.
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MJO 7500 Pattern CC and | UFS6 compares better to observations
teleconnection relative than UFS5
s amplitude
STRIPES index | UFS6 has reduced errors over the
Northwest Pacific. Elsewhere, UFS5 and
UFS6 show similar performance.
T2m Pattern UFS6 has a slightly higher pattern
Correlation correlation value after the MJO phase 3
than UFSS5 and a lower value after the
MJO phase 7, especially in week 4.
Extratropical | Pattern UFSS and UFS6 show similar
cyclone Correlation performance.
activity
Precipitation | STRIPES index | UFS5 and UFS6 show similar
performance.

Table. 2 Model performance in predicting the MJO and MJO-teleconnection.

Overall, the two prototypes show a similar performance in predicting the tropospheric

basic states and weekly variability including the MJO and its teleconnections. The major findings

are summarized in Table 2. UFS6 shows a slight improvement from UFSS in capturing the MJO-

related large-scale circulation over the North Pacific. We thus conclude that the increase in

vertical levels and the upgrades in model physics only show limited benefits in predicting the

MJO teleconnections through the tropospheric pathway. As the MJO teleconnections are driven
by the Rossby waves induced by the MJO, differences in the simulated teleconnections can be
due to differences in the MJO itself and/or the extratropical tropospheric basic state. While the
increase in vertical resolution and model top yields statistically significant differences between
the tropospheric basic state, these differences do not translate into robust improved predictions of
the MJO and MJO teleconnections in the UFS model. This result suggests that the vertical

resolution is not the main reason for the model deficiencies in representing the MJO
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teleconnection in the troposphere (with model physics and horizontal resolution in the current
UFS framework; not necessarily for other prediction models) Whether this is also true for the
stratospheric pathway will be analyzed in Part II.

With limited reforecast samples (one ensemble member, 2011-2018), it is difficult to
compare UFS with other S2S models, which usually have longer reforecast periods and multiple
ensemble members. In general, the spatial patterns in composites of Z500, T2m and extratropical
cyclone activity teleconnection for UFS5 and UFS6 look similar to that of other S2S models
(e.g., in Stan et al. 2022). UFS skill in pattern CC over the PNA region (Fig. 11), which is less
dependent on the number of reforecasts, drops below 0.5 at around day 8 or 9. This is less
skillful than the top-performing S2S model, and is close to the lower end of the performance of
the S2S models (Stan et al. 2022).

These results come with several caveats. As the reforecast period (2011-2018) is
relatively short, the number of reforecasts initialized in particular MJO phases is even smaller,
meaning that the MJO teleconnection composites could be dominated by noise and/or low
frequency variability. For example, the EKE850 composites of phases 4-5 have much stronger
amplitude than that of the opposite MJO phases (8-1), partially due to the fact that only 6
reforecasts are initialized in MJO phases 4-5 (Fig. 13), while 11 reforecasts are initialized in
phases 8-1. Phases 4-5 EKE850 composite maps look similar to those in previous studies (e.g.,
Stan et al. 2022), and the spatial correlation between UFS and ERA-I is high over the North
Pacific and North America region (Fig. 13). However, the MJO may not be the sole contributor
to the teleconnection patterns as El Niflo Southern Oscillation (ENSO) may also play a role,
considering ENSO could modulate the MJO teleconnection (Moon et al. 2011; R. Lee et al.

2019; Arcodia and Kirtman 2023).
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Three of the six reforecasts initialized in MJO phases 4-5 are within the 2015-16 winter, a
strong El Nifo event. El Niflo may induce an eastward extension of the North Pacific storm track
(e.g., Chang et al. 2002; Eichler and Higgins 2006) which is similar to the weeks 3-4 composites
of the MJO phases 4-5. As it takes 1-2 weeks for the MJO-induced Rossby waves to reach the
extratropics, the weeks 3-4 MJO teleconnection over the North Pacific in phases 4-5 (which
exhibit enhanced convective anomalies over the MC and the western Pacific) is probably
triggered by the MJO convective anomalies over the central and eastern Pacific. These anomalies
coincide with El Nifio-driven tropical convective anomalies as the MJO propagates eastward.
Thus, the MJO phases 4-5 composite (Fig. 13) is likely a mixture of both MJO and ENSO
teleconnections. In fact, weeks 1-2 composites of MJO phases 4-5 (not shown) also display very
similar spatial patterns at weeks 3-4 over the North Pacific, suggesting that these anomalies are
driven by low-frequency variability such as ENSO rather than subseasonal variability such as the
MJO. The high spatial correlation between UFS and ERA-I phases 4-5 composite may not
necessarily reflect that UFS is capturing the MJO phases 4-5 teleconnection well, but rather that
UFS is capturing the ENSO teleconnection well. Reforecasts covering longer time periods are
required to isolate the MJO teleconnection from other variability.

The impact of vertical resolution on the model biases and subseasonal forecast skill is not
documented in the literature and an in-depth analysis is beyond the scope of this study. Part II
will consider in more detail the role of the stratosphere for the surface response, and in particular

anomalies over Eurasia.
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