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Motivation
• Is it possible to use (E)FSO alternative to an OSE?
– (E)FSO: (Ensemble-based) Forecast Sensitivity to Observations
– OSE: Observing-System Experiment

• Use the FSO monitoring (map) to search high-impact 
observational spots proactively (before observing)?
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OSEs done at ‘operational’ centers

3

Global observing system experiments in the ECMWF assimilation system

4 Results

4.1 Short-range forecast impact

Figures 4 and 5 give an overview of the short-range forecast impact evaluated against a range of conven-
tional and satellite observations, respectively. They provide a characterisation in terms of temperature,
humidity, and wind over large hemispheric regions and at different levels in the atmosphere. The statis-
tics highlight the complementary nature of the currently assimilated observing system, with almost all
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Figure 4: Standard deviation of background departures, normalised by the Control, for several conventional ob-
serving systems, for the Southern Hemisphere extra-tropics (left), the Tropics (middle), and the Northern Hemi-
sphere extra-tropics (right). The observations are temperature from radiosondes (top), humidity from radiosondes
(middle), and vector wind from radiosondes, profiler, pilot, and aircraft observations (bottom). Statistics cover
the two seasons combined. Values for the four experiments with the satellite observing systems are shown. A
value greater than 100 % indicates an increase in the error in the background due to the denial of the respective
observing system. Horizontal lines indicate statistical significance at the 95 % level.
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Fig. 9. Daily time-series of the 24-h forecast error norm over the
Southern Hemisphere during January 2006 (upper) and July 2005
(lower) for selected OSEs: control (thick solid), ‘no amsua1’ (thin
dash), ‘no amsua2’ (thick dash) and ‘no amsua3’ (thin solid)
experiments.

additional AMSU-A observations increasingly larger overall
during July, but the removal of all AMSU-A observations pro-
duces large excursions in the time-series in which the values of
e grow to as large as twice those of the control. These are by
far the largest degradations in skill observed in any of the OSEs
performed in this study.

Results for the tropics in Figs. 7 and 8 show greater overall
disagreement between the magnitudes of Fj (ADJ) and Fj (OSE)
during both January and July. Values of Fj (OSE) are much larger
than those of Fj (ADJ) for all observing systems, with the for-
mer exceeding 50% for several observing systems during both
months. The results are consistent with the large degradations
with respect to the control experiment at day 1 in the OSEs
noted earlier in Figs. 5 and 6, and reflect the generally high
degree of sensitivity of the tropical forecasts, at least initially,
to the removal of observations. In the adjoint results, it is of
course impossible to have such large fractional contributions
from several observing systems simultaneously. Nonetheless,
the relative amplitudes of the various observing system contri-
butions are consistent in the two sets of results. This can be
seen more clearly in Fig. 10, in which the values of Fj (ADJ)
and Fj (OSE) in the tropics for both January and July have been
normalized such that they sum to one for the eight experiments
shown. The normalized results show good overall agreement
during both months. Only the contribution from QuikSCAT re-
mains disproportionately larger in the OSEs after normalization,

Fig. 10. Normalized adjoint (black) and OSE (white) based fractional
impacts of various observing systems on the change in 24-h forecast
error over the tropics during January 2006 (upper) and July 2005
(lower).

although it is among the smallest impacts overall. The contri-
bution from satellite winds, on the other hand, is not dispro-
portionately larger in the OSE results in the tropics, although it
does remain larger in the global results even after normalization
(not shown). The normalized adjoint contributions differ only
slightly from their non-normalized counterparts since the latter
are already constrained to be one for the complete observing
system. In the same way, the normalization produces only minor
changes in the OSE results over the globe and extratropics (not
shown) where the non-normalized values are already in good
overall agreement with the adjoint results.

The smaller impact of satellite winds in the adjoint results for
the extratropics during both January and July cannot be fully
explained based on the current results alone. The majority of
these observations are in the tropics, which raises the possibility
that their impact may be underestimated due to the absence of
moist physical processes in the current adjoint model. However,
this explanation is tempered by the results in Fig. 10 which show
that in the tropical region itself the impact of the satellite winds
is not disproportionately underrepresented in the adjoint results
relative to other observing systems.

Tellus 61A (2009), 2

• Add/exclude specific observations to/from global observing systems.

Global observing system experiments in the ECMWF assimilation system
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humidity, and wind over large hemispheric regions and at different levels in the atmosphere. The statis-
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Figure 4: Standard deviation of background departures, normalised by the Control, for several conventional ob-
serving systems, for the Southern Hemisphere extra-tropics (left), the Tropics (middle), and the Northern Hemi-
sphere extra-tropics (right). The observations are temperature from radiosondes (top), humidity from radiosondes
(middle), and vector wind from radiosondes, profiler, pilot, and aircraft observations (bottom). Statistics cover
the two seasons combined. Values for the four experiments with the satellite observing systems are shown. A
value greater than 100 % indicates an increase in the error in the background due to the denial of the respective
observing system. Horizontal lines indicate statistical significance at the 95 % level.
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Special observations from R/V Polarstern improved the forecast skill of 
the “great” Arctic cyclone on 6 August 2012.

Yamazaki et al. (2015 JGR-A)

Central pressure was well 
predicted if observation data 

was used

Central pressure did not 
develop w/o observations

analysis (“real”)

OSEs for observational campaignsR/V Polarstern

Global observing system in ALERA2



What is (E)FSO?
• Enable to diagnose individual observation impact (without OSEs!!)
• Kalnay et al. (2012 Tellus) proposed the ensemble-based FSO (EFSO) for EnKF data 

assimilation systems originally developed for adjoint-based systems.

Forecast Sensitivity to observations (FSO)
Langland and Baker (2004 Tellus)

assimilation trial. More sophisticated localisation methods

such as accounting for group velocity, dissipation or an

adaptive localisation approach (Anderson, 2007; Bishop

and Hodyss, 2009a, 2009b) may further improve the esti-

mate. Application of the localisation is a trade-off be-

tween the signal and sampling noise. The optimisation of

localisation function within the observation impact estima-

tion should be a future research topic. In the following

sections, only the results with the moving localisation are

shown.

The estimation with moving localisation (!1.95 J kg!1

on average) is generally larger than the actual forecast error

reduction (!1.64 J kg!1 on average). The estimation is

also larger in terms of the standard deviation of the case-

to-case variation (0.36 J kg!1 for the estimate and 0.26 J

kg!1 for the actual value). This is partly because the

coefficient of the movement of localisation is tuned to

produce maximum forecast error reduction estimates. Also,

the current NCEP operational EnKF system applies the

covariance inflation just after the analysis update. This

inflation magnifies the analysis covariance in eq. (5) and

results in magnifying the Kalman gain in the impact esti-

mation compared to that used in the EnKF analysis. This,

in turn, would magnify the observation impact estimation

compared to the actual impacts in the EnKF. In contrast,

the adjoint-based study of Langland and Baker (2004)

indicates consistently smaller estimates than the actual

forecast error reductions derived from nonlinear model

integration due to the lack of moist physics in the adjoint

model.

4.2. Estimated impacts of each observation type

Figure 2a shows the average 24-hour forecast error

reduction estimates with the moist total energy contribu-

ted from each observation type during the experiment.

Negative values correspond to the reduction of the forecast

error due to the assimilation of the observations. All

observation types except ozone retrievals are estimated

to reduce the forecast error on average in this period. In

the EnKF, ozone observations are assimilated with a

univariate covariance, that is, only the ozone analysis is

changed, with no impact on other variables at the analysis

time, thus limiting the impact of the ozone observations on

the forecast. For the overall impacts, AMSUA (Advanced

Microwave Sounding Unit " A) shows the largest con-

tribution to the forecast error reduction. IASI (Infrared

Atmospheric Sounding Interferometer) and Aircraft are the

correlation(Fixed): 0.318
correlation(Advected): 0.730
RMSE(Fixed): 0.318
RMSE(Advected): 0.730
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Fig. 1. Time series of the total forecast error reduction of

each estimate (unit: J kg!1). Black, red and blue lines show the

actual forecast error reduction verified against the own analysis,

estimated error reduction from the EnKF-based method with fixed

localisation (fixed) and with moving localisation (advected).

Numbers on upper left corner show the correlation and RMSE

of each estimate to the actual forecast error reduction.
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Fig. 2. Estimated average 24-hour forecast error reduction

contributed from each observation types (moist total energy,

J kg!1). (a) represents the total error reduction and (b) represents

error reduction per observation.
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resolution experiment is over 800m. However, the real

surface height at this point and the station height record

of Narssassuaq are less than 200m and 4m, respectively.

The area has been known as the origin of the tip jet

phenomenon (Doyle and Shapiro, 1999) induced by the

steep topography. This suggests that either the observa-

tions from Egedesminde are better than those from

Narssassuaq or the forecast model at this resolution may

not resolve a complex meteorological condition at this

station. Therefore, the observations from this station may

not have poor quality, but it is possible that these obser-

vations have a detrimental impact on the short-range GFS

forecast by assimilating information about unresolved

phenomena, giving a large error of representativeness.
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Fig. 6. Average number of assimilated radiosonde observations (a) from 250 to 125 hPa, (b) from 800 to 600 hPa and aircraft

observations (c) from 250 to 125 hPa and (d) from 800 to 600 hPa in each 58!58 area for one analysis.
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Ota et al. (2013 Tellus)
FSO for each obs. type FSO map for radiosonde obs.



EnKF-based FSO (EFSO)
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Kalnay et al. (2012 Tellus); Hotta et al. (2017 MWR)

correlation in ensemble space

correlation between analysis 
ensemble in obs. space and 
forecast forecast ens in model 
space

in EnKF:

without the adjoint model

–6 hr 0 hr
= Analysis time

t=+6 hr
= Evaluation time

Forecast errors et|–6

et|0

Δe2

図 2: EFSOの概念図．実線は規格化された予報誤差
の時間発展を示す．横軸は真値に沿っており，
∆e2 (図中では et|−6 と et|0 の差)が EFSO値
を示す．図は Kalnay et al. (2012)を改変．

EFSO値は，解析時間から評価時間 tまでの予
報誤差 et|0 ≡ xf

t|0−xv
t (xv

t は時間 tでの真値)と
その 6時間前からの予報誤差 et|−6 ≡ xf

t|−6 − xv
t

の差として定量化される（図 2）．(1)～(3)式を
使って，EFSO値∆e2 = eTt|0Cet|0−eTt|−6Cet|−6

(Cは誤差ノルムを定義する行列)は，

∆e2 ≈ (δyob
0 )T

1

K − 1
R−1Ya

0(X
f
t|0)

TC(et|0 + et|−6)

(4)

で与えられる．式変形の途中で現れる接線形モ
デル（あるいは adjointモデル）とKalmanゲイ
ンがR−1とYa

0 とXf
t|0で代用される．つまり，

解析時刻の 6時間前から評価時間までのアンサ
ンブル予報と，観測空間での解析アンサンブル
解析を計算することで，EFSO値を得ることが
できる．
予報感度の評価時間 tは Hotta et al. (2017)

と同様に 6時間とし，誤差ノルムには湿潤全エ
ネルギーノルムを用いた．また xv = xaとして
いる．EFSO値はオフラインでの計算が可能だ
が，ALEDASの解析予報サイクルの中に組み込
み，解析に合わせて EFSO値を逐次出力できる
設定とした（図 3）．これまでのALEDASに対
して，予報サイクル EnAFESの予報時間を 9時
間から 12 時間予報とし，追加で Ya と EFSO

値の計算（それぞれ LETKFobsと EFSO）を行う．
ALEDASでは予報サイクルの計算が解析サイク
ルの 3～4倍大きく，LETKFobsと EFSOの計算は
解析 LETKFobsと同程度なので，EFSOの実装
での計算コストの増加はそれほど大きくなかっ

た．EFSOを含んだ解析同化サイクルを図 1の
stream2015から採用し，ALERA2の出力に新
たに EFSO値とYaを加えた．
さらに，(3)を用いて，特定の観測の解析場へ

のインパクトを「診断的に」（オフラインで）推
定できる（Ota et al. 2013; Hotta et al. 2017）．
(2)式より，

xa,deny
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0 ≈ −Kδyob,deny
0

≈ − 1

K − 1
Xa

0Y
aT
0 R−1δyob,deny

0

(5)

ここで xa,deny
0 は特定の観測が取り除かれた全球

観測システムの解析場で，yob,deny
0 はO−B値だ

が特定の観測を除いた行がすべて 0が代入され
た行列である．ALEDASの新たな解析同化サイ
クルでは，Yaを新たに出力しているので，もと
もと出力していたO−B値を用いることで (5)を
オフラインで計算できる．これは，EFSOが 6

時間予報への特定の観測のインパクトであるの
に対して，解析場へのインパクトの見積もりと
言える．以下では，(5)で得られる値を湿潤全エ
ネルギーに変換したものを便宜上「診断値」と
呼ぶ．

3 同化サイクル実験
EFSO値や診断値が実際の観測システム実験

での観測インパクト（真値）をどの程度定量的
に推定しているのかを調査する．2015年 12月か
ら 2016年 2月までALEDASを使って観測シス
テム実験を行い，その期間での EFSO値・診断
値と真値との比較を行った．観測システム実験
に対して，ALERA2 (stream2015)をCTLとす
る．ALEDASのパラメータ値はYamazaki et al.

(2017)と同じである．
まず，各観測に対するEFSO値の総和と解析サ

イクルによる真の全球平均誤差改善値（12時間予
報値xf

t|−6と第一推定値xf
t|0の差）を湿潤全エネ

ルギー [J kg−1]で比べた．以下では，負（正）値
を観測による誤差の改善（改悪）とする．その結
果，実験期間平均の真の改善値は−2.20，EFSO
値が−2.30となり，わずかに改善過大見積もりで
はあるが，5%程度の差で一致していた．時間変動
もよく一致しており，相関係数は 0.86であった．
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0 R−1ȳob, deny
0

single

δȳob
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0 ≈ −Kδȳob, deny
0

≈ − 1
K − 1

Xa
0YaT
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Backgrounds of OSE and FSO studies
• OSE
!: evaluate of actual and quantitative observation impacts.
": too computationally expensive (not very practical).

• FSO
!: estimate all the impacts cheaply and
separately (proactively).
": estimate impacts for only 
short-range (6–24-hr) forecast (close to the assimilation window length).
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time on the forecast could be computed directly rather than

through the gradient of the cost function. LK08 and

LLK10 tested the ensemble sensitivity formulation within

the Local Ensemble Transform Kalman Filter (LETKF;

Hunt et al., 2007) coupled with the Lorenz and Emanuel

(1998) 40 variables model and found results comparable to

those obtained using the adjoint sensitivity, and Kunii et al.

(2012) successfully applied this methodology on real

observations for tropical cyclone prediction.

Here we present a formulation of the ensemble forecast

sensitivity to observations based on the direct computation

of the cost function, without computing its gradient.

Although it is essentially equivalent to the original LK08/

LLK10 formulation, it is simpler and computationally more

efficient since it uses available EnKF products. Unlike the

original LK08 formulation, it can be applied to the

Ensemble Square Root Filter (EnSRF; Whitaker and

Hamill, 2002) in which the analysis weights of the

background ensemble members cannot be explicitly

computed.

In addition, we find that the use of localization, necessary

in EnKF when the number of ensemble members is much

smaller than the number of degrees of freedom (DOF) of the

model, reduces the accuracy of the ensemble forecast

sensitivity. We show that two approaches to evolve the

observation localization during the forecast improve the

results.

Section 2 presents the new formulation and compares it

with the original one. Section 3 describes the experimental

design. Results from the two ensemble formulations and

from the adjoint sensitivity are compared in Section 4 using

the Lorenz and Emanuel (1998) model. Section 5 is a

summary of the results and relative advantages and a

discussion of the impact of localization on the EnKF

forecast sensitivity.

2. Adjoint and ensemble formulations

Let !xf
tj0 represents a forecast started from the analysis !xa

0 at

time 0 and verifying at time t. The overbars are used to

indicate ensemble mean and are relevant only for the

ensemble sensitivity formulation so that they can be ignored

in the adjoint sensitivity formulation. The perceived fore-

cast error at the verification time t from a forecast started

at time 0, and verified against the analysis !xa
t valid at

time t, is given by etj0 ¼ !xf
tj0 " !xa

t . The corresponding error

from the forecast started at time t!"6 h is given by

etj"6 ¼ !xf
tj"6 " !xa

t (see schematic Fig. 1). Six hours is a typical

data assimilation window for numerical weather prediction

(NWP), but it could be different depending on the system of

our interest, for example, 1 h for mesoscale NWP, or 1 week

for global ocean data assimilation. As indicated in Fig. 1,

the difference between the forecast errors etj0and etj"6 at

verification time t is only due to the observations y0
assimilated at time 0 that change the background !xb

0j"6 by

the analysis increment

d!x0 ¼ !xa
0 " !xb

0j"6

! "
¼ Kdy0: (1)

Here K is the gain matrix that defines the data assimila-

tion algorithm, dy0 ¼ y"H !xb
0j"6

! "! "
is the observational

increment with respect to the first guess, and H is the

non-linear observation operator. We indicated with a

superscript b the 6-h forecast started from the analysis at

time "6 h and used as background at time 0.

LB04 introduced a cost function to measure the impact

of the observations at time 0 on the forecast at time t as the

difference between the squares of the forecast errors with

and without assimilating the observations y0:

J ¼ De2 ¼ ðe2
tj0 " e2

tj"6Þ ¼ eT
tj0Cetj0 " eT

tj"6Cetj"6

h i
; (2)

where the matrix of weights C defines the squared

norm to be used (dry total energy in the case of LB04

and GZ09).

Here we follow the suggestion of LLK10 and compute

the sensitivity to observations directly from the cost

function eq. (2) rather than from a Taylor series approx-

imation and assume that the forecast length is short enough

to allow the use of the linear tangent model

!xf
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tj"6

! "
% M !xa

0 " !xb
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! "
:
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:

(3)

analysis time t

et|0

–6 hr 00 hr

et|–6

y0

Perceived
Forecast
Errors

Fig. 1. Schematic of the perceived forecast error etj0verified

against the analysis at the verification time t from two forecasts

started from the analysis at t!0 h, and from the analysis at

t!"6 h etj"6. Since the forecast started at t!"6 h serves as

first guess for the analysis at t!0 h, the only difference between

the two forecasts is the assimilation of the observations y0 at

t!0 h. Adapted from Langland and Baker (2004).
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Use of FSO for observational campaigns
• Operationally, FSO and OSEs are used to decide which 

observation types should be selected and/or regulating 
massive observations for the global observing system.

ØRather would like to focus on impacts of adding or reducing 
small subsets of obs. in the system by an obs. campaign, to 
investigate their remote influences (for more than short-
range forecasts).
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Our OSE studies for obs. campaigns
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Aim of this study
• How well the FSO diagnosis can estimate true (actual) 

impacts of observations done at  various geographical 
locations.

• How the impacts of observations can dynamically 
propagate for weekly short- to medium-range forecast 
(6-hour~7 days)?
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AFES(AGCM)-LETKF Data Assimlation System: ALEDAS
AFES-LETKF experimental Ensemble ReAnalysis ver. 2: ALERA2

ALERA (version 2)
Model AFES T119L48

(~1°×1°, up to ~3 hPa)
Analysis scheme LETKF

Ensemble size 63
localization 400 km (horizontal) / 0.4 lnp (vertical)

Inflation 10% (fixed)
Observation NCEP PREPBUFR (conventional + satellite wind)

Boundary condition OISST/ICE daily ¼°
DA window 6 hour
References Miyoshi & Yamane (2007 MWR); Miyoshi et al. (2007a;b SOLA);

Enomoto et al. (2013); Yamazaki et al. (2017 SOLA)

snapshots of SLP

ALERA2

ERAI



EFSO implemented into ALEDAS
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Evaluation metric (error norm)
• Moist total energy (MTE) [J kg-1]:

• EFSO values: MTE averaged over the whole global domain.

üActual (true) observation impact: MTE of the difference 
üxCTL–xOSE (ensemble mean)

13

where dy
ob
0 is the O�B innovation of the ensemble mean, R is the observation error matrix, X

f
t|0 is175

the perturbation matrix of x
f
t|0, and C is the error matrix for normalization. Note that observation176

with negative (positive) De2 is expected to improve (degrade) a subsequent forecast. As the error177

norm C, we adopt the vertically summed moist total energy De2
MTE norm (Ota et al. 2013; Hotta178

et al. 2017):179

De2
MTE =�1

2
1
ps

Z 0

ps
(u02 + v02)+

cp

Tr
T 02 +

L2

cpTr
q02 dp+

RdTr

pr
p02s , (3)

where p is the vertical pressure coordinate; ps is the surface pressure; u0, v0, T 0, q0, and p02s are the180

zonal wind, meridional wind, temperature, specific humidity, and surface pressure of the difference181

x
f
t|�6 � x

f
t|0, respectively; cp is the specific heat capacity of the air; Rd is the gas constant of dry182

air; L is the latent heat of condensation per unit mass; and Tr and pr are the reference temperature183

and surface pressure, respectively. De2
MTE is then summed up in the global domain of the norm,184

which is the target area of EFSO. The EFSO calculation targets in every region of the globe and185

the moving localization scheme with the coefficient 1.0 were adopted (Ota et al. 2013; Hotta et al.186

2017). The verifying time t was set to six hours; in other words, we estimated 6-hour EFSO values.187

These EFSO parameters were selected because of their practical reasons, as explained below.188

In this paper, we recognize the truth as the ensemble mean of the analysis, although recent189

studies suggest that the observation should be used as the truth (Cardinali 2018; Necker et al.190

2018; Kotsuki et al. 2019). The rationale is that we would like to use the FSO diagnosis as an191

alternative of the OSE mainly because OSEs are normally compared against their own analysis. In192

addition, as shown in Fig. 1, ALERA2 (analysis) moderately reproduces the synoptic and general193

circulations that we are interested in.194

FSO would also be sensitive to the error metric and the target area used (Necker et al. 2018;195

Kotsuki et al. 2019). Our choice of using the error metric (Eq. (3)) and the target area (global196

10

3. Experimental designs and metrics244

To use the EFSO diagnosis as an alternative to an OSE, the extent to which a 6-hour EFSO245

can estimate the individual observation impacts for short- and medium-range forecasts must be246

compared. In this study, we conducted multiple data denial experiments for various regions where247

routine radiosondes were launched in the Northern Hemisphere and the tropics.248

The experiments were conducted from December 1, 2015 to February 29, 2016. Seven-day en-249

semble forecasts were conducted from every 0000 UTC during the period initialized by ALERA2,250

that is the CTL experiment (Fig. 5).251

We compared the CTL with 12 data denial experiments (OSEs). In each of these experiments,252

a subset of radiosonde observations that had been launched at a spot comprising three adjacent253

routine observation sites was excluded. Four spots of 12 were selected from the midlatitudes,254

the Arctic, and the tropics (Fig. 6). These spots are hereafter denoted as the Jpn, Mid, Mid2,255

and Mid3 experiments (black symbols in Fig. 6); the Arctic spots as Pol, Pol2, Pol3, and Pol4256

experiments (blue symbols); and the tropical spots as Tro, Tro2, Tro3, and Tro4 experiments (red257

symbols). Note that the data denial in the data assimilation process was not repeated so as to avoid258

the temporal accumulation of an observation impact; that is, 91 times (at every 0000 UTC during259

winter) of 7-day forecast experiments for each CTL and OSE (Fig. 5). To evaluate the impact of260

such, the non-repeated data denial helped us understand how observation impacts were propagated261

dynamically. Each CTL and OSE ensemble forecasting was initialized by the 63 members of the262

CTL (ALERA2) and OSE analyses. To evaluate an observation impact in each OSE, we compared263

the ensemble forecast mean of CTL x
f
CTL with that of OSE x

f
OSE in this study.264

In this study, we define “observation impacts” of the excluded radiosondes as the differences265

between CTL and OSEs (x f
CTL � x

f
OSE). The differences were calculated from 6-hour to 1-day266
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Experimental designs
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• The experiments were conducted for the period from 1 December 2015 to 29 February 
2016. 

• 7-day ensemble forecasting were conducted from every 0000 UTC during the period 
initialized by ALERA2, called the CTL experiment.

• 91 times (at every 0000 UTC during the winter) of 7-day forecast experiments for each 
CTL and OSE. 

1 Dec
2015

2 Dec 3 Dec … … 29 Feb
2016

CTL
OSE

Initial values
(Red: w/o data denial, 
Blue: w/ data denial = 
OSE�

7

Day 0 Day 1 Day 2 Day 7

Day 0 Day 1 Day 2 Day 7

Day 0 Day 1 Day 2 Day 7

Analysis

CTL forecast
OSE forecast

Data denial process

Forecasting (91 runs)



DJF wind fieldwinter-averaged EFSO (for radiosondes)

EFSO values and OSEs (data denial experiments)
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• A subset of radiosonde observations that had been launched at a spot 
comprising 3 adjacent routine observation sites was excluded.

• 4 spots of 12 were selected from the midlatitudes, the Arctic, and the tropics .
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6-hr EFSO vs actual obs. impacts

 0

 0.001

 0.002

 0.003

 0.004

 0.005

 0.006

 0.001  0.0015  0.002  0.0025  0.003  0.0035  0.004  0.0045  0.005  0.0055  0.006

Tr
ut

h 
(O

SE
-C

TL
 a

t 6
-h

r f
cs

t)

EFSO (Estimation)

EFSO vs Truth (DD): ave of MTE [J/kg]

y=x
Jpn
mid

mid2
mid3

tro
tro2
tro3
tro4
pol

pol2
pol3
pol4

16

• The EFSO values are 
quantitatively accurate 
estimates of the actual 
observation impacts 
evaluated by OSEs.

• The magnitudes of the actual 
observation impacts are not 
sensitive to the latitudinal 
bands where observations 
have been conducted. 
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Is the 6-hour EFSO diagnosis useful for weekly 
forecasts? 
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• Relative differences (rankings) of the initial (actual) observation impacts at 6-hour forecasts 
retain during the short-range forecast (1–2 days), regardless of the latitudinal bands.

• Those for the Arctic observations retain even in the medium range forecast (7 days).
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Why the Arctic observations have the largest 
observation impacts in the medium range? 

1. Small number of Arctic observations. 
2. The Arctic is located upstream of the dynamical propagation.
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Observation number & density in ALERA2
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obs number norm obs density
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• Arctic obs. impacts overwhelm those for the midlatitudes. 
ü The observation density, normalized by area (km2) in the Arctic and the tropics 

are almost the same in the troposphere.



Propagation of obs. impacts

20

• Observation impacts are dynamically propagated (phase/group velocity 
and advection) in the initial stage (short-range forecast)

• Obs. impacts in the midlatitudes are spontaneously amplified during the 
medium range forecast?
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Spontaneous error growth in midlatitudes

21

The obs. impact of radiosondes at the South Pole.

• Trivial errors are rapidly amplified during the medium-range (3- to 7-day) forecast where the storm tracks are active.
• Such amplification must highlight a chaotic nature of the general atmospheric circulation, which stems from the contamination of

observation impacts arising from the rapid growth of trivial numerical processes .
• “Chaos seeding” (Hodyss and Majumdar 2007 QJ; Ancell et al. 2018 BAMS)

[hPa]

[lat]



Dynamical upstream/downstream of midlat.
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• Obs. impacts tend to retain when they are seeded initially at 
dynamically upstream regions of the midlatitudes where the 
trivial errors rapidly and spontaneously grow up. 

Mass streamfunction
(Iwasaki et al. 2014 JAS)

√(V2): ”waviness”

Arctictropics

midlatitudes



Summary
• The EFSO values reasonably estimated the observation impacts 

on short-range (6-hour to 2-day) forecasts, irrespective of the 
latitudinal bands where observations had been conducted.

• The initial Arctic observation impacts, which could be estimated 
by EFSO, remained in medium-range (7-day) forecasts.

• It is important to seed initial obs. impacts at the upstream of 
dynamical propagation toward the regions where small 
perturbations grow rapidly and spontaneously (midlatitudes).
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Implication (1)
• Essence of the ensemble-based FSO is to calculate covariance between analysis 

ensemble in obs. space and short-range forecast ensemble.
– without adjoint (tangent-linear) model.
– could substitute covariance between analysis ensemble in model space and short-range 

forecast ensemble. 
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δȳob
0

xa
t

∆e

1

Tangent-linear model

Ensemble forecast

covariance



Implication (2)
• Arctic observations have the largest impact for weekly (weather) 

forecasts.
– This stems from the atmospheric dynamics of atmospheric general 

circulations (flow-dependent).
• Results will be changed if we focus on, coupled systems in the 

subseasonal-to-seasonal timescales (c.f., Doi et al. 2019).
– However, such dynamical consideration must be helpful for the other 

timescales.
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Why the Arctic observations have the largest 
observation impacts? 

1. Smaller numbers of observations than midlat obs numbers.
2. Impacts of the Arctic obs. can faster propagate toward the 

midlats than those of the tropical obs.
3. Metrics of the moist total energy.
– emphasize the midlatitude storm-track activities.

4. A typical AGCM is used
– T119L48M63, hydrostatic dynamical core
Ø Dynamical propagation (realistic process) may be more 

emphasized than the numerical contamination (unrealistic)
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