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1. Introduction

The Japan Meteorological Agency (JMA) upgraded its Global Ensemble Prediction System (GEPS) in March 2022 to incorporate
recent Global Spectral Model (GSM) developments, horizontal resolution enhancement, improvement of sea surface temperature (SST)
boundary conditions and tuning of initial perturbation amplitude (Yamaguchi et al. 2022). This paper outlines GEPS performance in one-
month prediction based on 30-year hindcast experiments.

2. Hindcast Experiments

Experiments were conducted for 1991 to 2020 for the new GEPS (“TEST” in Table 1) and the previous GEPS version (“CNTL1”),
with the latest Japanese reanalysis (JRA-3Q; Kobayashi et al. 2021) for atmospheric initial conditions. Initial perturbations were created
from a combination of initial singular vectors (SVs) and evolved SVs, differently from the operational system approach (Sekiguchi et al.
2018).

In previous hindcast experiments, the Japanese 55-year Reanalysis (JRA-55; Kobayashi et al. 2015) was used for atmospheric initial
conditions. To evaluate the effects of atmospheric initial condition updating, additional experimentation was conducted with the previous
version of GEPS using the JRA-55 as atmospheric initial conditions (“CNTL2” in Table 1).

3. Verification

The results indicated that forecasting with the new GEPS was superior to that of the previous GEPS for several elements and seasons,
especially in the tropics. Figure 1 shows improved anomaly correlation coefficients (ACCs) for surface temperature in the Northern
Hemisphere and velocity potential at 200 hPa in the tropics. The ACCs of the new GEPS were also compared with those of the previous
GEPS using JRA-55 as atmospheric initial conditions. As per Figure 2, forecast skill was further improved due to the upgraded
atmospheric initial conditions. The characteristics of forecast mean errors for the new GEPS were generally comparable to those of the
previous GEPS (not shown).

Prediction skill for Madden-Julian oscillation (MJO) was evaluated using the method described by Matsueda and Takaya (2012). As
per Figure 3, MJO forecast skill was improved in forecasts with lead times of 10 days or more. The biases of predicted MJO amplitude
and the phase speed of the new GEPS were generally comparable to those of the previous GEPS (not shown).
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Table 1 Hindcast experiments

TEST CNTL1

| CNTL2

Atmospheric forecast model

GSM2103 with improved
physical processes
(Yamaguchi et al. 2022)

GSM2103 (Ujiie et al. 2021)

Resolution (model top)

TQ479L128 (0.01 hPa)
up to 18 days
TQ319L128 (0.01 hPa)
afterward

TL479L128 (0.01 hPa) up to 18 days
TL319L128 (0.01 hPa) afterward

Initial conditions (atmosphere)

JRA-3Q (Kobayashi et al. 2021)

JRA-55 (Kobayashi et al. 2015)

Initial conditions (land)

Offline runs of land-surface model in GEPS and
atmospheric forcing from JRA-3Q

Offline runs of land-surface
model in GEPS and atmospheric
forcing from JRA-55

Sea surface temperature (SST)

Two-tiered SST approach
(Takakura and Komori 2020)
with improvement

Two-tiered SST approach

Initial perturbation

Singular vector (SV) method (initial and evolved SVs)

Period (initial date)

1991 — 2020 (15th and end of calendar month)

Ensemble size

13

Verification data

JRA-3Q, ERAS (Hersbach et al. 2020)
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Figure 1 Anomaly correlation coefficient (ACC) differences of TEST from CNTL1 for (left) surface temperature in the
Northern Hemisphere (20— 90°N) and (right) velocity potential at 200 hPa in the Tropics (20°S—20°N) for all seasons.
Positive values represent ACCs of TEST exceeding those of CNTL1. Error bars indicate two-sided 95% confidence levels. ACCs are

calculated against JRA-3Q.
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Figure 2 ACC differences of TEST from CNTL2 for surface
temperature in the Northern Hemisphere for all seasons
Positive values represent ACCs of TEST exceeding those of
CNTL2. ACCs are calculated against ERAS.
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Figure 3 Correlation coefficients of the MJO index for (top)
boreal summer and (bottom) boreal winter
Red and blue lines represent results for TEST and CNTLI,
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1. Introduction

The Global Ensemble Prediction System (GEPS) operated by the Japan Meteorological Agency (JMA) incorporates an atmospheric
model with a two-tiered sea surface temperature (SST) approach (Takakura and Komori 2020) for lower boundary conditions. This
technique indirectly represents atmosphere-ocean interaction by combining SSTs prescribed as persisting anomalies from climatological
SSTs and SSTs operationally precomputed using JMA’s seasonal EPS. In the work reported here, feasibility for atmosphere-ocean
coupling of GEPS was assessed toward the incorporation of more directly representative atmosphere-ocean interaction.

2. Experimental design

(1) Retrospective forecast experiments
Retrospective forecast experiments covering winter 2019/20 and summer 2020 were conducted with focus on initial shocks caused
by inconsistencies between the lower boundary specifications of the atmospheric model in coupling prediction and atmospheric
analysis representing initial conditions. Only a control member was run, and the forecast time was limited to 264 hours. The first
experiment (CNTL) was conducted using the currently operational GEPS (Yamaguchi et al. 2022). In the next experiment (CPL),
atmosphere-ocean coupling was applied to CNTL using an ocean model with specifications similar to those of the seasonal EPS
(JMA/MRI-CPS3; Kubo and Ochi 2022). In the last experiment (CPL2), mixed land-ocean-lake grid and sea-ice coupling were
switched off to reduce the initial shocks seen in CPL. Furthermore, tendency coupling (e.g., Mogensen et al. 2017) was applied to
SSTs at mid- and high latitudes in CPL2 up to 132 hours and linear relaxation to full coupling was applied from 132 to 264 hours
by adding the tendency of the SST in the ocean model to SST analysis values.

(2) 30-year (1991 —2020) hindcast experiments
Hindcast experiments for CNTL, CPL and CPL2 were conducted with the same specifications as Sekiguchi et al. (2022), except
for an ensemble size of 5, a forecast time up to 438 hours and initial dates of three days for each of summer and winter.

3. Results

Figure 1 shows the initial shocks of CPL and CPL2 against CNTL in the root mean square error (RMSE) differences of zonal mean
temperature with lead times of 24 hours in the retrospective forecast experiments. The larger RMSE in the lower atmosphere of CPL
presumably resulted from differences in SST, sea-ice and mixed land-ocean-lake grid specifications between coupling prediction and
atmospheric analysis. CPL2 exhibited reduced deterioration in RMSE at high latitudes via the switching off of the mixed land-ocean-
lake grid and sea-ice coupling and at mid-latitudes due to tendency coupling effects.

To evaluate the impact of tendency coupling, anomaly correlation coefficients (ACCs) of SSTs were compared over week 1 of the
hindcast experiment (Figure 2). ACCs in CPL were better in the tropics and the summer hemisphere than those of CNTL, but worse in
mid-latitude eddy-rich oceanic regions. The deterioration in these regions is attributed to inadequate representation of meso-scale ocean
eddies in the ocean model with 0.25-degree resolution. Meanwhile, CPL2 exhibited reduced deterioration in the mid-latitudes because
the high spatial variability of SST analysis is maintained in tendency coupling. As a result, the bias-corrected ACCs of CPL2 were
superior to those of CNTL for many atmospheric scores in the hindcast experiments (Figure 3). ACC without bias correction also shows
better scores except for 850 hPa temperatures in the Tropics, where there is an influence from the cold SST bias of the coupled model
(not shown). Overall, including the improved Madden-Julian Oscillation (MJO) forecast skill contributed by better atmospheric
circulation (Figure 4), the CPL2 results are promising for further GEPS development.
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Figure 1 Root mean square error (RMSE) differences against JMA’s global analysis in zonal mean temperature (K) at lead times of
24 h in retrospective forecast experiments for (a), (b) winter and (c), (d) summer. Black lines indicate a zero RMSE difference.
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Flgure 2 Anomaly correlatlon coefficient (ACC) differences of ensemble-mean SST over week 1 agamst ESA SST CCI (Merchant et
2015. Areas of sea-ice presence are masked, with

al. 2014) for (a), (b) winter and (c), (d) summer. The verification period is 1991 —

purple lines indicating mask boundaries.
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Figure 3 Anomaly correlation coefficient (ACC) differences (top) with bias correction and (bottom) without bias correction for winter
(DJF) and summer (JJA). (a) and (b) are in the Tropics (TR; 20°S—20°N), and (c), (d) and (e) are in the Northern Hemisphere (NH;
20—90°N). Each figure shows (a), (c) 850-hPa temperature, (b) 200-hPa velocity potential (d) 500-hPa height and (e) 200-hPa zonal
wind. Positive values represent ACCs of CPL2 exceeding those of CNTL. Error bars indicate two-sided 95% confidence levels. ACCs
are calculated against JRA-3Q (Kobayashi et al. 2021) for the period from 1991 to 2020.
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Figure 4 Correlation of MJO index (Matsueda and Endo 2011) in (a) boreal winter and (b) boreal summer. The red and blue lines
represent results for CPL2 and CNTL, respectively. The verification period is 1991 — 2020.
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1. Introduction

Atmospheric rivers (ARs) are long, flowing regions of the atmosphere that carry water vapor through the sky. Water
management and flood control in the western United States are heavily influenced by AR storms that produce both
beneficial water supply and hazards (Ralph et al. 2020). Due to limited in-situ and ground-based observations
(Zheng et al. 2021), aircraft are deployed to collect data in and around the AR systems during AR Reconnaissance
(ARR) observational campaigns (Ralph et al. 2020) over the winter of 2016 and 2018-2022. ARR provides
additional data by supplementing conventional data assimilation with dropsonde observations of the full
atmospheric profile of water vapor, temperature, and winds within ARs. The positive impact of dropsonde data on
AR has been reported in several studies (e.g., Lord et al. 2022, Wu et al. 2021, and Zheng et al. 2021).

2. Model and Experiments

In this study the NCEP operational Global Forecast System (GFS) version 16 (GFSv16) was used to examine the
impact of the ARR supplemental dropsonde observations on GFS forecasts for a major AR that made landfall along
the California coast during January 26-29, 2021. This case study is focused on evaluating a significant weather
event that impacted Central California, which experienced AR 2 conditions (based on Ralph et al. 2019 scale) with
heavy precipitation. During this ARR observation campaign a series of consecutive flights sampling the same
synoptic system from January 23 to 28 were planned and executed.

GFSv16 was implemented into operations in March 2021 at NCEP, with the finite volume cubed-sphere dynamical
core and improved GFDL microphysics. Compared to the previous version (GFSv15), GFSv16 increased the
number of model vertical layers from 64 to 127, and extended the model top from 55 km to 80 km. The data
assimilation (DA) system was upgraded to use a 4-Dimensional Incremental Analysis Update (4D-IAU) technique.
The dropsonde data used were from the ARR 2021 campaign during the intensive observation periods (IOPs) from
January 17 to March 18, 2021. Global control (Ctrl) and denial (Deny) experiments were conducted by using or
denying the dropsonde data in the GFSv16 for both DA and model forecast; the results presented here focus on the
forecast from January 24-28 (I0OPs 4-8, Cobb 2022).

3. Results

The standard NCEP Metplus verification system was used to evaluate the Ctrl and Deny experiments. Overall the
global verification metrics were very similar between Ctrl and Deny, with somewhat better overall forecast skill
noted over the Pacific North American (PNA, 180-320E, 20-75N) region when the supplemental dropsonde data
were used (not shown). For the case where the prediction skill is relatively low (i.e., the prediction is challenging),
the data collected from the dropsondes helped to improve the forecasts and increase the 5-day anomaly correlations,
including geopotential height, temperature, and wind. The precipitation prediction over California during January
26-29 improved significantly in Ctrl when the dropsonde data are used (Fig. 1). The improved forecast is associated
with improvement in the moisture forecast in Ctrl (not shown), similar to the ARR impact on precipitation forecast
for ARR 2020 in GFS version 15 (GFSv15) (Lord et al. 2022).
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Figure 1 The 24-hour precipitation from January 28 00Z to January 29 00Z over Central and Southern California from Stage
IV (left) and the area average precipitation with a cut-off of 0.1 inches (middle) and 1 inches (right) from Stage IV, GFSv16
Ctrl (blue) and Deny (green).

4. Summary

This study indicates that there was a positive impact on the GFS forecast skill for the January 2021 California heavy
precipitation event when the dropsonde data were used from consecutive IOPs from the ARR. This is associated
with improvement in the moisture and water vapor transport forecasts. The ARR observations helped fill the data
gaps needed for DA to provide better model initial conditions (Zheng et al. 2021). There is also a systematic
improvement in the precipitation prediction over the U.S. West Coast when the dropsonde data are used, similar to
that of ARR 2020 from GFSv15 forecasts (Lord et al. 2022).
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Introduction

The Japan Meteorological Agency (JMA) upgraded its Global Ensemble Prediction System (Global EPS) on
March 15 2022 to incorporate recent Global Spectral Model (GSM) developments, enhanced horizontal
resolution of the model, improved sea surface temperature (SST) boundary conditions and updating of the initial
perturbation amplitude.

Major Updates

(1) Incorporation of Recent GSM Developments

The forecast model was upgraded to a low-resolution version of the revised Global Spectral Model (GSM),
including the following:

® Enhancement of effective resolution, including introduction of a quadratic grid, more subtle coefficients
for numerical diffusion operators and more subtle filtering for model orography

®  Optimization of parameters for subgrid orographic schemes (Matsukawa et al. 2022)

® Upgrade of diagnostics for effective size of cloud ice for radiation to Sun (2001)

® Improvement for treatment of lake surface temperature, including introduction of climatological data
derived from satellite observation

® Upgrade of ozone climatological data based on reanalysis using JMA's latest chemical transport model
(MRI-CCM2; Deushi and Shibata 2011) and satellite observation

® Improved calculation of solar zenith angle (Hogan and Hirahara 2016) and treatment of surface albedo
(Hogan and Bozzo 2015) for shortwave radiation

(2) Enhanced Horizontal Resolution

As part of plans to improve JMA’s GSM (which provides deterministic medium-range forecasts) Global EPS
horizontal resolution was enhanced from around 40 to 27 km for forecasts with lead times up to 432 hours
and from 55 to 40 km for 432 to 816 hours. The revised model has a quadratic grid with a triangular
truncation wave number of 479 (TQ479) for earlier lead times and 319 (TQ319) for later ones. This supports
resolution for coastlines, lakes and small islands, and orography is represented more sharply by the upgraded
filtering. Benefits in areas including prediction of winter topographical precipitation in Japan have been
noted.

(3) Improved SST Boundary Conditions

SST boundary conditions are given via an approach combining SSTs prescribed as persisting anomalies from
climatological values and those operationally precomputed using JMA’s atmosphere-ocean coupled Seasonal
EPS model (JMA/MRI-CPS3; Kubo and Ochi 2022). The period for which SSTs in the tropics and subtropics
are linearly relaxed from climatological extrapolation to the bias-corrected ensemble mean SST from the
Seasonal EPS was also changed from 11 — 18 to 6 — 11 days.



(4) Update of Initial Perturbation Amplitude

The amplitude of singular vector (SV)-based initial perturbations targeted in the 30 — 90°N and 30 — 90°S
areas was reduced by 8.7% to mitigate over-dispersiveness in 500 hPa geopotential height forecasts with
lead times of up to four days.

3. Verification Results

To verify system performance for medium-range forecasts with lead times of up to 11 days, retrospective forecast
experiments covering periods of three months or more in winter 2019/20 and summer 2020 were conducted. The
results showed improvements of ensemble mean forecasts for several elements, including 850 hPa temperature,
500 hPa geopotential height and 250 hPa winds globally for both seasons. Figure 1 shows RMSEs of ensemble
mean forecasts for 500 hPa geopotential height and 850 hPa temperature for the Northern Hemisphere in winter.
Brier skill scores for precipitation forecasts in Japan were also improved (not shown). Performance for forecasts
beyond 11 days was also verified, as reported by Sekiguchi et al. (2022).
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Figure 1: RMSEs of 500 hPa geopotential height [m] and 850 hPa temperature [°C] ensemble mean forecasts
against analysis for the Northern Hemisphere (20 — 90°N) during winter 2019/20 as a function of forecast
lead times up to 264 hours. The red and green lines represent verification results for the new (TEST) and
previous (CNTL) Global EPS (left axis; unit: m), and the purple line represents ratios of change in scores
([TEST —CNTLJ/CNTL, right axis; unit: %). Error bars indicate two-sided 95% confidence levels, and
triangles (TEST < CNTL or CNTL > TEST) indicate a statistically significant difference of 0.05.
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1 Introduction

In NWP models, near-surface forecast variables like 2-m temperature (T2M) or 2-m relative humidity (RH2M)
can be subject to substantial systematic forecast errors for a variety of reasons, e.g. limited quality of external
parameter data and physical properties of soil and vegetation derived therefrom, poor knowledge of soil
moisture in deeper layers, and simplifications or inadequacies in the parameterization of related physical
processes. Attributing specific biases to one of these potential sources is difficult due to the lack of data,
and tuning exercises frequently end up with improvements in some regions or seasons and degradations in
others. In particular, transient model biases cannot be reduced this way. Moreover, the assimilation of 2-m
variables suffers from the presence of substantial model errors. Assimilating T2M even tends to degrade
the lower-tropospheric analysis quality if the data assimilation has to act against severe model biases, and
therefore, only RH2M has been assimilated in DWD’s operational global ICON forecasting system (Zangl et
al., 2015) so far. Significant progress could be made, however, by a co-development between model and data
assimilation, using information from data assimilation to adaptively adjust uncertain model parameters in
order to minimize systematic errors.

2 Methodology

Our algorithm builds upon the assimilation of RH2M and T2M by computing time-filtered assimilation
increments of temperature and humidity at the lowest model level, which are subsequently used as a proxy
for the respective model biases. Time-filtering is accomplished by a Newtonian relaxation approach with a
time scale of 2.5 days, which is needed to separate random from systematic errors and to remove possible
diurnal cycles from the average biases. In addition, a filtered temperature increment weighted by the cosine
of local time is calculated as a proxy for the diurnal temperature amplitude bias.

Based upon these quantities, a variety of model parameters whose basic values are either tuning parameters
or estimated from external parameter data are adaptively adjusted in order to minimize systematic model
errors. Specifically, average temperature and humidity increments are used over snow-free land surfaces to
vary the minimum stomata resistance of plants and a tuning parameter for scaling bare-soil evaporation.
They are used to define a combined temperature-humidity bias TRH, = aRH;f — 81;f, where RH;f and
T;; are the time-filtered assimilation increments and o and § are positive tuning parameters (noting that
assimilation increments have the opposite sign as the model bias). Based upon this, a model parameter 1)
having a reference value v, is modified according to

¢ =1, /(1+TRH,) if TRH, >0 ; ¢ =1, (1—TRH,) if TRH;, <0 (1)

if 9 needs to be reduced in order to mitigate a warm bias; otherwise multiplication and division are reversed.
On snow-covered land surfaces, a similarly defined pure temperature bias is used to vary the snow albedo
otherwise depending on vegetation cover and snow aging. Moreover, to reduce biases in the diurnal temper-
ature amplitude, the above-mentioned weighted increment is used to vary the heat conductivities of the soil
and the skin layer as well as the soil heat capacity using a similar algorithmic approach.



3 Results

The changes presented here have been operationalized in the global ICON forecasting system of DWD in
May 2022. Extensive experiments conducted in the preparatory phase indicated that the direct impact of the
T2M assimilation is rather short-lived, typically decaying to zero after two forecast days. However, exploiting
the potential for adaptive model parameter adjustment substantially prolongates the beneficial impact not
only for T2M, but also for RH2M. This is illustrated in Fig. 1, showing the relative RMSE improvements for
the extratropical hemispheres and the tropics for a 2.5-month period in late 2020. In all regions, statistically
significant improvements are obtained for both variables during the whole forecast range (180 h).

A closer analysis reveals that the improvements exhibit strong regional (and also seasonal) variability because
they are proportional to the magnitude of the model biases in the reference configuration. Particularly large
benefits have been obtained in several central Asian regions, where the diurnal temperature amplitude used
to be significantly underestimated, and in snow-covered regions, where the uncertainties of the albedo and
heat conductivity generally enhance the forecast errors. Reducing model errors of the diurnal temperature
amplitude was in turn found to be important for the quality of the analyses. Specifically, a nocturnal warm
model bias tends to induce cooling increments extending over a too deep layer, degrading the analysis quality
between about 500 m and 1000 m above ground (as indicated by the radiosonde verification; not shown).
Thus, the initially mentioned co-development between model and data assimilation was indeed crucial for
the successful implementation of this ugrade.
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Figure 1: Relative RMSE improvements achieved due to the T2M assimilation and the related model param-
eter coupling for an experiment period in autumn/winter 2020. Color filling indicates significance at the 95%
level.
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