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Abstract: Tropical cyclones (TCs) can cause severe wind and rain hazards. Unusual TC tracks and their
extreme precipitation forecasts have become two difficult problems faced by conventional models
of primitive equations. The case study in this paper finds that the numerical computation of the
climatological component in conventional models restricts the prediction of unusual TC tracks. The
climatological component should be a forcing quantity, not a predictor in the numerical integration
of all models. Anomaly-based variable models can overcome the bottleneck of forecast time length
or the one-week forecasting barrier, which is limited to less than one week for conventional models.
The challenge in extreme precipitation forecasting is how to physically get the vertical velocity. The
anomalous moisture stress modulus (AMSM), as an indicator of heavy rainfall presented in this
paper, considers the two conditions associated with vertical velocity and anomalous specific humidity
in the lower troposphere. Vertical velocity is produced by the orthogonal collision of horizontal
anomalous airflows.

Keywords: tropical cyclone; anomalous track; extreme precipitation; anomaly-based variable; orthogonal
collision; one-week forecasting barrier

1. Introduction

Every summer and autumn, several typhoons and hurricanes, respectively, make
landfall in China and the US, bringing strong winds and heavy rainfall (Maxwell et al.,
2021 [1]; Li and Zhao, 2022 [2]). Therefore, the forecasting of wind and rainfall associated
with tropical cyclones (TCs) has become a key task of meteorological agencies. It is well-
known that the accuracy of TC-related wind and rain forecasts depends on the accuracy
of TC track prediction (Marchok, 2021 [3]; Conroy et al., 2023 [4]). For normal TC tracks,
forecasters can predict them several days in advance. However, for a small number of
unusual TCs, their track forecast becomes a problem even with lead times of 1–2 days
(Qian C. H. et al., 2013 [5]; Yu et al., 2021 [6]). In addition, whether a TC moves along a
usual or unusual trajectory and accurate areal distribution of precipitation are challenges
in the current numerical weather prediction (NWP) models.

An example of extreme TC-induced precipitation is caused by the Super Typhoon
Megi in 2010 that had an unusual track (Qian C. H. et al., 2013 [5]). Megi (2010) moved
west–northwestwards from 13 to 16 October 2010. On 16 to 17 October, it experienced a
slow left turning and moved in a southwest–west direction. On 18 to 19 October, it reached
the maximum intensity before landing in the northern Philippines and resulted in extensive
damage to both human lives and property. During 19 and 20 October, it rapidly turned right
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with an angle greater than 90 degrees in the South China Sea (SCS). Then, it experienced
the second strengthening. On 23 October, it made landfall in the southern Fujian Province
and caused the impact of strong wind and heavy rainfall between the coasts of Taiwan
Island and mainland China (Qian C. H. et al., 2013 [5]; Chen and Wu, 2016 [7]).

The typhoon track forecast issued by operational meteorological agencies is usually a
result of model output calibrated by forecasters. Before the right turn of Megi, three official
forecasts issued by the China Meteorological Administration (CMA), Japan Meteorological
Agency (JMA), and the Joint Typhoon Warning Center (JTWC) showed that Megi would
move northwestward to land in the Hainan Island and western Guangdong Province.
Until 1200 UTC on 19 October 2010, the European Centre for Medium-Range Weather
Forecast’s (ECMWF’s) 5-day ensemble mean forecast still predicted the track moving
northwestward to the central part of Guangdong. Subsequently after the turning-right
point at 1200 UTC on 20 October, the ECMWF 5-day ensemble mean product predicted
Megi making landfall in southern Fujian on 23 October. To implement emergency measures,
the relevant local governments and meteorological departments have invested a lot of
manpower and material resources in Hainan Island and western Guangdong according to
the track prediction before 19 October 2010.

What secret does this unusual typhoon hide? What makes it difficult for many models
to predict the sudden right turning before even 24 h in advance? According to a Web of Sci-
ence search, there are 83 papers published for this Megi event and 19 of them focus on track
forecasting. Among them, there are many studies that attempt to improve the data assimila-
tion for the initial analysis in different models (Shen and Min 2015 [8]; Kieu et al., 2012 [9];
Li et al., 2013 [10]; Xu et al., 2013 [11]; Chang et al., 2020 [12]). There are papers that
studied the effects of environmental fields on the Megi track (Huang et al., 2020 [13];
Wu et al., 2016 [14]). Some papers studied the impacts of improving initialization such
as hybrid initialization (combing dynamic and nudging, Wang et al., 2013 [15]) and scale-
selective data assimilation (Lai et al., 2014 [16]) on Megi’s track. Fewer articles examined
the extreme rainfall induced by Megi (Hong et al., 2015 [17]; Chen and Wu, 2016 [7]).

For current or conventional models, the improvement of Megi’s track prediction by
utilizing the above methods is limited. To understand the mechanism of these unusual TC
tracks, a generalized beta advection model (GBAM) was developed (Qian et al., 2014 [18];
Huang et al., 2015 [19]). This is a single-layer global model taken at the pressure layer of
minimum anomalous divergence and maximum anomalous vorticity so it can only simulate
within 2–4 days. This model has been applied to successfully simulate 15 right-turning TCs
in the South China Sea (Qian et al., 2014 [18]) and four left-turning TCs in the East China Sea
(Huang et al., 2015 [19]). It is also used in the unusual track prediction of Hurricane Sandy
(2012) (Qian et al., 2016 [20]). Sandy is also an unusual super hurricane formed in the North
Atlantic with two times of strengthening and left turning (Hall and Sobe, 2013 [21]). The
GBAM is developed by using the method of decomposing total wind as the climatological
component and anomaly. A dynamic factor in precipitation diagnosis and forecasting is ver-
tical velocity. However, the vertical velocity is still a quantity that is difficult to determine in
current numerical models (Gvozdíková and Müller, 2021 [22]). In this paper, we use a novel
method of physical decomposition to investigate whether conventional models and tradi-
tional synoptic analysis can improve the prediction skill of such unusual TCs. In addition,
we introduce another novel theory (called “orthogonal convergence”) of anomalous airflow
convergence to produce vertical motion for investigating why the ECMWF model is unable
to correctly predict the location and intensity of extreme precipitation associated with
Typhoon Megi. Both the anomaly-based model and orthogonal convergence have not been
well explored in the past. Thus, this paper serves as a promotion of these new ideas. By
using tropical cyclone’s unusual track and extreme precipitation as samples, the objective
is to demonstrate that these new methods can do something that a traditional model or
approach might not do well. Figure 1 shows the study area’s geographical locations relative
to the world. The major climatic systems of a main study area (eastern China and western
Pacific) during the northern warm season include a subtropical high over the western
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Pacific, a storm track to the north of the subtropical high, and an Asian summer monsoon
to the west of the subtropical high. The related weather includes active tropical cyclones
over the western Pacific (south side of the subtropical high), a rain band shifted northward
to North China (northwest edge of the subtropical high) and hot and humid convective
weather in South China (the west of the subtropical high).
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Figure 1. The study area’s geographical locations relative to the world. The deviation (solid line,
4 hPa interval) of global sea level pressure relative to 1000 hPa and the surface wind (arrow, m/s) in
the pentad 44 (from 4 to 8 August). Letters H and L indicate the centers of high and low pressure.
The green dashed-line box is the area (0–60◦ N, 90–170◦ E) for Figures 2–4. The red dotted-line box is
the area (0–40◦ N, 100–150◦ E) for Figure 5. The green dashed-line box is also for Figure 6. The black
dotted-line box is the area (0–60◦ N, 45–120◦ W) for Figure 7. The yellow dashed-line box is the area
of the Northern Hemisphere (0–90◦ N) for Figure 8. The purple dotted line box is the area (0–50◦ N,
90–180◦ E) for Figures 9 and 10.

This paper is organized as follows. After this introduction, datasets, the data decom-
position method, orthogonal convergence theory and models are given in Section 2. As an
example, the binary interaction of two cyclones is described in Section 3. Anomaly-based
variable models and a forecast time-length bottleneck are simulated in Section 4. A com-
parison of extreme precipitation and conventional model prediction using a dynamical
diagnostic parameter is illustrated in Section 5. Finally, discussions and a conclusion are
given in Section 6.

2. Datasets/Methods and Theory/Models
2.1. Datasets

Three datasets are used in this paper. The first is the ERA-Interim reanalysis data which
can be downloaded from the website (https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era-interim, accessed on 31 December 2020). The ERA-I is used to
calculate the hourly climatological state for the 30-year (1981–2010) period. The second is
the model products which can be accessed from “The International Grand Global Ensem-
ble” project (TIGGE, http://apps.ecmwf.int/datasets/data/tigge/levtype=pl/type=cf/,
accessed on 30 November 2012). The model ensemble mean forecast products are used to
calculate the anomalous variables and parameters. The third is the hourly precipitation
based on satellite estimates which can be obtained from the website (https://www.ncei.
noaa.gov/products/climate-data-records/precipitation-cmorph, accessed on 30 November
2010) with a horizontal resolution of 0.25 longitude–latitude grid degrees.

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
http://apps.ecmwf.int/datasets/data/tigge/levtype=pl/type=cf/
https://www.ncei.noaa.gov/products/climate-data-records/precipitation-cmorph
https://www.ncei.noaa.gov/products/climate-data-records/precipitation-cmorph
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2.2. Physical Decomposition of Atmospheric Variables

An atmospheric variable at a spatial point can be physically decomposed as a daily
24 h cycle and annual 365 d cycle (total 8760 h intervals) (Qian et al., 2021 [23]). The hourly
climatology can be estimated by averaging observational or reanalysis data on calendar
date d over M years,

∼
vd(λ, φ, p, t) =

M

∑
y=1

v(d,y)(λ, φ, p, t)/M. (1)

The local hourly or minute-scale temporal climatology does not need to be predicted.
An anomalous variable v′(d,y) (λ, φ, p, t) can be extracted from a total variable v(d,y)(λ, φ, p, t)

by subtracting the temporal climatology
∼
vd (λ, φ, p, t),

v′(d,y)(λ, φ, p, t ) = v(d,y)(λ, φ, p, t)− ∼
vd(λ, φ, p, t) (2)

where λ, φ, p, t are, respectively, longitude, latitude, pressure, and time so that the term
(λ, φ, p, t) indicates a point of space and time, y = 1 and M = 30, for 30 years from 1981
to 2010.

2.3. Orthogonal Convergence of Airflows

Three types of horizontal airflow convergence appear in daily weather charts, in-
cluding wind velocity (tailgating) convergence, wind direction (head-on) convergence,
and any angle (cross) convergence between two horizontal airflows. All air masses (or
airflows) move on the curved surface of the Earth and are curvilinear motions associated
with cyclones or anticyclones. Therefore, the converging horizontal airflow has a centripetal
force. Usually, only converging horizontal airflows can produce extreme weather. The
shear stress

→
τ H generated by the cross convergence between two horizontal airflows at

point H is
→
τ H =

(
mA
rA

v2
A

)
·
(

mB
rB

v2
B

)
·
(→

n A ×→
n B

)
(3)

where two horizontal airflow masses (mA, mB), which can be seen as two mass points,
have their velocities (vA, vB) and moving radiuses (rA, rB). The directions of shear stress
are perpendicular to the plane

(→
n A ×→

n B

)
of two horizontal airflows or two mass points.

The shear stress
→
τ H is a new force in the vertical direction, which is the interactive result

of two horizontal airflow centripetal forces. In fact, Equation (3) dynamically presents
the collision of two horizontal airflows or two mass points. But, in the weather chart,
Equation (3) shows the convergence of two horizontal airflows. The stress modulus for the
cross convergence with an angle δ between two horizontal airflows is (Qian et al., 2023 [24])

τH =

(
mA
rA

v2
A

)
·
(

mB
rB

v2
B

)
· sinδ (4)

If the two horizontal airflows are orthogonally collided or converged (δ = 90 degrees)
and rA = rB = r with the same radius, such as two airflows, are vertically located on the
two sides of a shear line, the stress modulus reaches the maximum, i.e., τHmax = (4/r2)
EAEB. If EA = EB = E = 1/2mv2 with the same mass and speed of two airflows on the
two sides of a shear line, the energy density for the orthogonal collision or convergence of
two airflows at point H is 4E2 per unit area r2. The energy density of two airflows colliding
linearly (head-on collision) is 2E, which is the energy of a combined centroid system of
two airflows like two particles with a linear collision (Workman et al., 2022 [25]).

The stress modulus with high energy density is a dynamical indicator of vertical
velocity or atmospheric updraft. Usually, horizontal anomalous airflows are stronger in the
upper troposphere, so a larger anomalous stress modulus or stronger vertical velocity is
located aloft but anomalous moisture is larger in the lower troposphere centered at around
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850 hPa. Thus, an indicator or parameter is named as “anomalous moisture stress modulus”
(AMSM), which is a collision of two anomalous moisture airflows at 850 hPa,

τ′q =
(

q′Av′2A
)
·
(

q′Bv′2B
)
·sinδ (5)

where q′A and q′B are the two anomalous moisture masses which are driven by the
two horizontal anomalous airflows with their anomalous velocities v′A and v′B, and δ
is the cross angle between the two anomalous airflows. The AMSM is referred to as a
rainfall indicator thereafter.

2.4. Anomaly-Based Variable Single-Level Model

The ECMWF 5-day ensemble mean prediction revealed that Megi should move west–
southwestward to enter the central SCS when the model starts to run initially from 15 to 16
October 2010 (Qian C. H., 2013 [5]). Then, Megi should move northwestward in the SCS
when the model starts to run initially from 17 to 18 October 2010. Even when starting to
run initially from 1200 UTC on 19 October 2010, the model predicted that Megi should
move north–northwestward and make landfall at eastern Guangdong Province. However,
after 12 h, Megi indeed moved north–northeastward heading to southern Fujian Province.
We examined why conventional NWP models cannot predict unusual TC tracks.

We developed the GBAM, a simple single-level global model carrying out two ex-
periments started running, respectively, from 1200 UTC on 16 October and 1200 UTC on
19 October 2010. The GBAM only predicts the anomalous vorticity (Qian et al., 2014 [18]),

∂ζ ′

∂t
= −u

∂ζ ′

∂x
− v

∂ζ ′

∂y
− βv′. (6)

where u and v are, respectively, total horizontal westerly and southerly winds, the
two terms −u ∂ζ ′

∂x − v ∂ζ ′

∂y are the advections of total wind to the anomalous vorticity, and the
term −βv′ is the beta advection.

The above model can be decomposed into a linear climatological beta advection model
(CBAM),

∂ζ ′

∂t
= −∼

u
∂ζ ′

∂x
− ∼

v
∂ζ ′

∂y
− βv′, (7)

and a non-linear anomalous beta advection model (ABAM),

∂ζ ′

∂t
= −u′ ∂ζ ′

∂x
− v′

∂ζ ′

∂y
− βv′. (8)

where the two terms −∼
u ∂ζ ′

∂x − ∼
v ∂ζ ′

∂y are the advections of climatological wind to the anoma-

lous vorticity, and the two terms −u′ ∂ζ ′

∂x − v′ ∂ζ ′

∂y are the advections of anomalous wind to
the anomalous vorticity.

2.5. Anomaly-Based Variable Multiple-Level Model

Conventional models of operational forecasting are based on total variables governed
by a set of primitive equations, such as those used in the ECMWF IFS model. In the
China Meteorological Administration (CMA), the operational model is an anomaly-based
variable model named the Global/Regional Assimilation and PrEdiction System (GRAPES)
(Chen et al., 2008 [26]). A profile of “hydrostatic atmosphere” is introduced as the refer-
ence for eliminating the hydrostatical components in the vertical direction of equations.
Two large magnitude variables are geopotential height (H) and temperature (T). The former
is equivalent to pressure (P) or Exner pressure (Π), while the latter is equivalent to potential
temperature (θ). According to Equation (2), two total variables are decomposed as

Π =
∼
Π(λ, φ, z, t)+Π′(λ, φ, z, t), (9)
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θ =
∼
θ (λ, φ, z, t)+θ′(λ, φ, z, t) (10)

where z is the height-based-terrain following coordinate which is also like a pressure-based-

terrain following coordinate. It is known that Π ≈
∼
Π >> Π′ and θ ≈

∼
θ ≫ θ′, while

→
V ≈

→
V ′.

The CMA GRAPES is a partial anomaly-based variable model because only two anomalous

variables of Π′ and θ′ are used in the model without considering anomalous wind
→
V ′ and

anomalous moisture q′.
It is theoretically possible to develop a global model based on anomaly-based variable

equations (Qian and Du, 2022 [27]). We can follow the above three simple anomaly-
based variable models (ABAM, CBAM, and GBAM) to get a model of anomaly-based
variables based on decomposed climatology and anomaly. Equation (11) shows that it
can be decomposed into a linear L part and a nonlinear N part during a step-by-step
calculation process,

∂S′(t)
∂t

= −NS′(t)− LS′(t). (11)

where S′(t) is a set of anomalous variables such as anomalous wind
→
V′, height (pres-

sure Π′), potential temperature θ′ and humidity q′. In the CMA GRAPES model, only
two anomalous variables Π′ and θ′ are introduced. We only give the form of anomalous
potential temperature at the local x–y coordinate (Qian and Du, 2022 [27]),

∂θ′

∂t
= −

[
u′ ∂θ′

∂x
+ v′

∂θ′

∂y
+ w′ ∂θ′

∂y

]
−

u′ ∂
∼
θ

∂x
+ v′

∂
∼
θ

∂y
+ w′ ∂

∼
θ

∂y

−[
∼
u

∂θ′

∂x
+

∼
v

∂θ′

∂y
+

∼
w

∂θ′

∂y

]
+Fθ′/

∼
Π (12)

The nonlinear N part (the first part) and linear L parts (the last three parts) on the
right-hand side of Equation (12) can be easily separated. In Equation (12), the last part is

the external anomalous force relative to the climatological pressure
∼
Π.

3. Binary Interaction of Two Cyclones

The binary interaction of two atmospheric cyclones is referred to as the Fujiwhara
effect, which is a phenomenon that occurs when two cyclones with low-pressure centers
move around each other in close distance. This phenomenon is controlled by a large
circulation system in the background. The effect is named after S. Fujiwhara, the Japanese
meteorologist who initially described this phenomenon (Fujiwhara, 1921 [28]). The binary
interaction of a smaller cyclone can influence the development of a larger cyclone or cause
two cyclones to merge into one. This effect can be easily observed from two tropical cyclones
because total airflows are basically equal to anomalous airflows in the tropics. Many cases in
the atmosphere show the interaction between a tropical cyclone and an extratropical cyclone
or the interaction between two extratropical cyclones. Typhoon Megi (2010) experienced
two-time processes of strengthening and turning. Megi with another tropical cyclone
firstly circled counterclockwise from 14 October and finally merged at around 1800 UTC on
17 October 2010, reaching the first peak of intensity. During this period, the track of Megi
was driven by the climatological easterly airflow and interacted with an anomalous cyclone.
Two anomalous cyclones are controlled by a large circulation system (Qian et al., 2014 [18]).

We focused on the right turning of Megi in the South China Sea. Figure 2 shows
the total and anomalous height/temperature cross section along the center of Megi at
0600 UTC on 21 October 2010. This is the stage of Megi reaching the second peak of
intensity when it was in the climatological monsoon trough (Lu and Qian, 2012 [29]). In
the total height/temperature section, no signal can be used to indicate the super typhoon,
except there are several waves in the total temperature (Figure 2a). After the climatological
component (Figure 2b) was removed, as seen in Figure 2c, a warm core of Megi is obvious
at around 300 hPa. Megi is a deep cyclone, so its negative low-center Lm of anomalous
height reached sea level. Other anomalous systems such as a negative low-center L and a
positive high-center H of anomalous height are located at the upper troposphere. Usually,
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an anomalous high center separates an anomalous warm air mass below and an anomalous
cold air mass above and vice versa, which satisfy the hydrostatic equilibrium relationship
between height and temperature anomalies (Qian et al., 2016 [30]). These anomalous
systems at the upper troposphere should have interacted with each other and driven by
the climatological airflows.
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anomalous system which can clearly indicate that there is a binary interaction or Fu-
jiwhara effect between two anomalous cyclones. Even before the right-turning point such 
as at 0000 UTC 19 October 2010, two anomalous cyclones were clearly wrapped in a large 
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Figure 2. The vertical–latitude section crossing the Megi (2010) center of (a) total heights (contour,
200 × 10 gpm interval) and temperature (shading, 10 and 20 K intervals) as well as (b) climatological
height and temperature using the ERA-Interim product along 117.75◦ E at 0600 UTC on 21 October
2010. Panel (c) is the same as panel (a) except for anomalous height (contour, 2 × 10 gpm interval) and
temperature (shading, 1 K interval). Letters W/C and H/L indicate warm/cold and high/low centers.

Based on the minimum/maximum anomalous divergence/vorticity and the warm
core of Megi after Megi turns right in Figure 2c, Figure 3 gives the total field systems
including Megi at 300 hPa. In Figure 3a–c, the subtropical high ridge separates two troughs
on the north and three tropical cyclones on the south. The north trough moved eastward to
the Sea of Japan and the south trough moved southward to South China at 1200 UTC on
22 October 2010 (Figure 3d). Even on 19 and 20 October 2010, Megi should have moved
northwestward according to the traditional synoptic principle because the south trough is
too far away from Megi.

Figure 4 shows the anomalous airflow and height at 300 hPa during the four days.
On 19 October, the two troughs in Figure 3a become two anomalous cyclones in Figure 4a;
the three tropical cyclones including Megi are clearer. The main anomalous systems
include an anomalous cyclone in Southwest China, Megi in the South China Sea and
an anomalous tropical cyclone in subtropical Northwest Pacific as well as an anomalous
anticyclone centered at Japan. We should consider the interaction of these four anomalous
systems. However, Megi and the nearby anomalous cyclone “I” are located in a large
anomalous system which can clearly indicate that there is a binary interaction or Fujiwhara
effect between two anomalous cyclones. Even before the right-turning point such as at
0000 UTC 19 October 2010, two anomalous cyclones were clearly wrapped in a large
anomalous system. This is an important mechanism that drives Megi turning northward
when the nearby anomalous cyclone “I” moves southeastward. This interaction between
two anomalous cyclones can be clearly observed in Figure 4b,c. The anomalous tropical
cyclone “III” also entered the large anomalous system (Figure 4c). Finally, Megi and another
two anomalous cyclones “I” and “III” merged at 1200 UTC on 22 Octobder 2010 (Figure 4d).
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4. Model Results and Forecast Bottleneck
4.1. Single-Level Model Result

As a single-level model, the GBAM is started to experimentally run from 1200 UTC on
16 October 2010. The experimental result shows that the Megi’s track is along the green
line for the coming 6 days (Figure 5a). It correctly predicts the right turning when Megi
arrived to the South China Sea. But the ECMWF ensemble forecast as indicated by the
purple dotted line has not predicted the right turning when Megi is in the South China Sea.

The second experiment using three simple models shows the result which started to
run from 1200 UTC on 19 October 2010 (Figure 5b). The CBAM predicts a track (circle
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purple line) moving west–southwestward, which is forced mainly by the driving of the
climatological easterly airflow to the anomalous vorticity of typhoon. The ABAM predicts
an anti-clockwise track (square purple line), while the GBAM predicts a track (blue dotted
line) that is consistent with the Megi best track (red line). The GBAM’s predicted track is
also better than the track (purple dotted line) predicted by the ECMWF model during the
period of Megi turning right.
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Figure 5. (a) The ECMWF track forecast (purple dotted line) and the GBAM track forecast (blue
circle line) for predicting the Megi best track (red line) initiated to run from 1200 UTC on 16 October
2010. (b) The four models of ECMWF (purple dotted line), ABAM (square purple line), CBAM (circle
purple line), and GBAM (dot blue line) predict the Megi best track (red line), which are started to run
from 1200 UTC on 19 October 2010.

4.2. Multiple-Level Model Result

The anomaly-based variable GRAPES model can simulate the interaction and final
merger between Megi and other two anomalous cyclones. The experimental prediction
with lead times of 6 days is started to run from 1200 UTC on 16 October 2010. The clima-
tological pressure and temperature during the 6 days from 1200 UTC on 16 October to
1200 UTC on 22 October 2010 is known in the model. The airflows in Figure 6 are calcu-
lated by using predicted anomalous pressure based on their geostrophic wind relationship.
Figure 6 shows the daily predictions with lead times of 96 h (4 days), 120 h (5 days), and
144 h (6 days). These predictions are consistent with the analysis at 1200 UTC, respectively,
on 20 (Figure 4b), 21 (Figure 4c) and 22 (Figure 4d) October 2010. The binary interaction
between Megi and another anomalous cyclone “I” in South China at 300 hPa is well simu-
lated. As seen from Figures 4d and 6c, Megi was blocked from moving further northward
or northeastward after it made landfall in China because an anomalous anticyclone or
anomalous high is centered at Northeast Asia.

In the North Atlantic basin, the infamous Sandy (2012) was an unusual left-turning
hurricane and its rapid intensification caused tremendous damage along the Mid-Atlantic
and New England regions upon its landfall shortly before 0000 UTC on 30 October 2012
(Galarneau et al., 2013 [31]). The ECMWF model provided an excellent forecast of Sandy’s
landfall location up to 1 week in advance (Bassill, 2014 [32]). Despite this success, it is of
scientific interest to understand the underlying dynamical processes that are responsible
for the rapid turning left and intensification of Sandy prior to its landfall.

An experimrntal prediction by using the anomaly-based variable model of CMA
GRAPES was also carried out for Sandy’s track. Figure 7b–d show the predictions with
lead times of 1, 3, and 4 days at 1200 UTC, respectively, on 27, 29, and 30 October 2012.
The model started to run from 1200 UTC on 26 October 2012. The spatial distribution of
anomalous airflow and height for the four days in Figure 7 are consistent with the analysis
result of Qian et al. (2016 [20]). At 1200 UTC on 26 October 2012 (Figure 7a), Sandy should
have moved northeastward under the climatological westerly airflow, but it turned left
because it interacted with the nearby anomalous low L1. In Figure 7b, Sandy merged
with the anomalous low L1, so it reached the first peak of intensity. After that, Sandy
should have moved northeastward under the climatological westerly airflow but there
were two anomalous lows (L2 and L3) and an anomalous high H1 in the middle latitudes
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moving eastward under the climatological westerly airflow. In Figure 7c, Sandy is blocked
by an anomalous H1 and interacts with a neighboring low L2. The binary interaction
between the hurricane and low L2 caused Sandy to turn left and made it to landfall. The
anomalous systems that surround Sandy (2012) are different from ones that surround
Megi (2010). At 300 hPa, anomalous lows surrounding Sandy (2012) are all deep, while
anomalous lows surrounding Megi are only evident in the upper troposphere.
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Figure 6. Same as in Figure 4 but is the experimental prediction by using the anomaly-based variable
model of CMA GRAPES for the Typhoon Megi (2010) track (blackdashed line). The model is started to
run from 1200 UTC on 16 October 2010. Anomalous airflows (vector) and height (shading, 4 × 10 gpm
interval) at 300 hPa are predictions at 1200 UTC with lead times of 4, 5, and 6 days, respectively, on
(a) 20, (b) 21, and (c) 22 October 2010. The current typhoon position is indicated by a red sign and the
yellow star is the initial position of typhoon. The number I indicate an anomalous cyclone and the
letter H is an anomalous anticyclone. Arrows are airflow lines.
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variable model of CMA GRAPES for the Hurricane Sandy (2012) track (black dashed line). The model
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(d) 30 October 2012. Letter H and L are anomalous anticyclones and anomalous cyclones. Arrows are
flow lines.
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4.3. Bottleneck of Conventional Model

The above two case experiments showed that the ECMWF model can predict the
left-turning track of Sandy (2012) for leading 1 week but it cannot predict the right-turning
track of Megi (2010) for leading 24 h (1 day). The contrasting results show that there is
uncertainty in the TC prediction by the ECMWF model. A statistical result showed that
the skill of the ECMWF model in predicting anomalous convergence lines in summer in
eastern China is approximately 6.7 days (Qian et al., 2013 [33]). Six dust storms in spring
2021 were originated from Mongolia and moved to Northern China, which are dynamically
associated with an anomalous cyclone at 850 hPa (Qian et al., 2022 [34]). The study found
that the ECMWF model can predict an anomalous cyclone with an anomalous wind pattern
for leading 4–8 days.

Many studies tried to improve the initial field and numerical methods, but it remains
difficult to break through the time length bottleneck of leading one-week forecasting
for conventional models. It may be a one-week forecasting barrier for all conventional
models. We can illustrate this issue with a simple experiment. We only need to use the
climatological field at one moment as the initial field that is inputted into the CMA GRAPES
model. Theoretically, the output products of the GRAPES model forecast in the coming
10 days should be the climatological field at each time. We use the global climatological
field at 0000 UTC on 16 July as the initial field to run the GRAPES model. Figure 8 shows
the calculated or predicted climatological height and temperature as well as their anomalies
at 0000 UTC on 22 July. The predicted climatological height and temperature at 700 hPa
after 6 days should have a smooth spatial distribution. However, there are many synoptic-
scale fluctuations. Those centers of height and temperature anomalies relative to their real
climatology represent model calculated errors. In Figure 8b, those temperature anomaly
centers reach ± 4~5 ◦C, which can be comparable to the observed temperature anomalies.
As indicated in Figure 2c, the maximum height anomaly is located at the upper troposphere
(around 300 hPa) and the maximum temperature anomaly is at around 700 hPa. Thus,
Figure 8 indicates that all models of primitive equations have a time length bottleneck
which is limited by about one week for their predictability, where model forecast errors are
comparable to the magnitude of synoptic scale disturbances in the atmosphere.
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Figure 8. The predicted products of the CMA GRAPES model at 0000 UTC on 22 July with lead times
of 6 days. The model is started to run initially by climatological variables from 0000 UTC on 16 July.
(a) Height (black line, 40 gpm interval) and anomaly (shading, 2 gpm interval) relative to the real
climatological height. (b) Temperature (black line, 4 K interval) and anomaly (shading, 1 K interval)
relative to the real climatological temperature.

5. Extreme Precipitation and Conventional Model Prediction
5.1. Hourly Precipitation and Rainfall Indicator

Extreme precipitation requires the two conditions of strong updraft and saturated
water vapor. A tropical cyclone is an extreme weather system that can meet the above
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two conditions. Figure 9 gives the hourly precipitation and the AMSM at 850 hPa during
Megi when it suddenly turned to the right in the South China Sea but before the final
landfall. At 1200 UTC on 19 October 2010 (Figure 9a,b), the hourly precipitation center of
Megi is located at the central eastern SCS near the north Philippines, which is consistent
with the center of AMSM at 850 hPa. In the Northwest Pacific, some scatter centers of
hourly precipitation were not correctly indicated by the AMSM in intensity. We mainly
examine the hourly precipitation center more than 4 mm with an AMSM of more than 0.3 as
their criteria. From 1200 UTC on 20 October to 1200 UTC on 21 October 2010 (Figure 9c,e),
the hourly precipitation center of Megi moved northward and peripheral precipitation
reached the coast of mainland China. From the East China Sea to the south and east of
Japan, there are patches of precipitation. In Figure 9d,f, the AMSM is a good indication of
the spatial distribution of these heavy rainfalls with their criteria (Figure 9c,e).
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Figure 9. Spatial distribution of (a) hourly precipitation (mm/h) based on the satellite estimate
at 1200 UTC on 19 October 2010 and (b) anomalous moisture stress modulus (AMSM) (shading,
0.03 m4·s−4·kg2·kg−2 interval) with anomalous wind vector (arrow) at 850 hPa at 1200 UTC on
19 October 2010. Panels (c,d) are the same in panels (a,b) except at 1200 UTC on 20 October 2010.
Panels (e,f) are at 1200 UTC on 21 October 2010. Panels (g,h) are at 1200 UTC on 22 October 2010.
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The intensity of Megi reached the second strongest on 21 October 2010. From
19 to 22 October 2010, changes in the intensity and position of Megi can also be seen
from the AMSM and anomalous systems at 850 hPa (Figure 9b,d,f,h). The hourly precipita-
tion center of Megi can be indicated by AMSM at 850 hPa. Regarding the previous analysis
(Qian et al., 2023 [24]), it is difficult to indicate the intensity and location of precipitation
by other dynamical parameters such as vorticity and divergence or anomalous vorticity,
anomalous divergence, and anomalous kinetic energy of any levels. In Figure 9, the AMSM
with a criteria of more than 0.3 at 850 hPa can indicate the corresponding hourly heavy
precipitation with a criteria of more than 4 mm following the track of Megi. Here, only one
case of Megi for four times is examined. More cases are needed to evaluate the ability of
AMSM indicating the hourly precipitation.

5.2. Coventional Model Prediction

The ECMWF model precipitation forecasts are analyzed below for the four days
starting from 1200 UTC on 19 October 2010. We, respectively, examine the ECMWF
model’s forecast of hourly precipitation, Megi location and the diagnosis of AMSM. From
1200 UTC on 19 October to 1200 UTC on 20 October 2010, Megi was experienced a locally
turning period for 24 h, so its location change is small. This can be comparable between
Figures 9d and 10b where the center of anomalous system and large value center of AMSM
are consistent with the analysis while the prediction is with lead times of 24 h. The position
of hourly precipitation is observed in Figure 9c while the forecast of rainfall with lead
times of 24 h is shown in Figure 10a. For the rainfall prediction, the intensity and area are,
respectively, stronger and larger than that of the observed hourly precipitation.

For the observed hourly precipitation of Megi from 20 to 21 October 2010, the intensity
has not obviously changed (Figure 9c,e). However, the predicted hourly precipitation
from 20 to 21 October 2010 is too heavier in intensity (Figure 10a,c), especially over large
areas from the South China Sea to the East China Sea and southern seas of Japan. From
20 to 21 October 2010, the intensity and location of AMSM can be comparable between
the prediction (Figure 10b,d) and the analysis (Figure 9c,e). The coverage depends on the
AMSA threshold values or criteria used to define “rain”.

From 22 to 23 October 2010, the predicted hourly precipitation associated with
Megi moved from the offshore to the central and eastern part of Guangdong Province
(Figure 10e,g). In Figure 10, the model forecasted hourly heavy rainfall in the southern
part of the South China Sea for 4 days. However, precipitation on the southern part of the
South China Sea is absent from observations (Figure 9). The AMSM distributions from the
analysis (Figure 9) and the prediction (Figure 10) only focus on the center of Megi without
the southern part of the South China Sea. The common problem existing in the model
is that the area of precipitation forecast is too large, the intensity is too strong, and the
position is also greatly shifted. From 1200 UTC on 19 to 1200 UTC on 23 October 2010, the
ECMWF model predicted that Megi should move northwestward and approach Hainan
Island (Figure 10). The model did not have the ability to predict a right turn that began on
19 October 2010.

The above comparison showed that the error is large for the hourly precipitation
predicted by the ECMWF model even for leading 24 h. If the ECMWF model can correctly
predict synoptic systems such as the intensity and location of cyclones for leading several
days, the AMSM calculated from the model products can well indicate the extreme precip-
itation. This implies that for the unusual TC track, the accurate precipitation forecast in
intensity and location needs anomaly-based variable multiple-level models.
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6. Discussion and Conclusions
6.1. Discussion

Model products have become the main basis of information for extreme weather
forecasting in short- and medium-range forecasts (1–2 weeks) (Sillmann et al., 2017 [35]).
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The ability to forecast extreme weather should be an important criterion for assessing model
performance. The occurrence of extreme weather, such as tropical cyclones with extreme
precipitation, is the rapid release of anomalous energy in the atmosphere. Anomalous
energy includes anomalous internal energy, anomalous kinetic energy, and anomalous
latent heat energy. In Figure 2c, the anomalous warm core over Typhoon Megi (2010)
is an example of such anomalous internal energy. In Figure 9, the anomalous cyclone
concentrates anomalous kinetic energy and anomalous latent heat energy, as indicated by
the AMSM, with anomalous moisture in the lower troposphere. These anomalous energies
are linked to three-dimensional atmospheric anomalous systems, such as those in Figure 2c.
Therefore, we need to remove the climatological component (Figure 2b) from the total
field variables in Figure 2a to obtain the spatial distribution of anomalous variables in
Figure 2c. The spatial configuration of these anomalous systems, as well as their intensity
and location, need to be predicted in NWP models of operational meteorological agencies.

The idea of operational forecasters needs to be adjusted from the judgment of total
variable systems based on the traditional weather chart to the judgment of anomalous
variable systems based on the anomalous weather chart. In Figure 3, it is difficult for
forecasters to judge the interactions between different systems from the total airflow and
height; thus, it is difficult to predict the sudden turn of Megi (2010). However, using
anomalous weather charts such as Figure 4, forecasters can judge their interaction and
predict Megi’s right turn several days in advance.

Forecasters often use the total wind at the 500 hPa layer as steering airflows for TC
track forecasting. Figure 5 shows that the TC track is mainly determined by the drive
of the climatological airflow in the strongest central layer of TCs and the interaction
of adjacent anomalous systems. The climatological variable distribution in the global
atmosphere is a dynamic–thermodynamic equilibrium state forced by the solar radiation
and influenced by the underlying surface environment. A climatological state can be
calculated by averaging observations over many years and do not require forecasting.
However, conventional models of primitive equations predict both the climatological
component and anomalous variables, resulting in false anomalies, as shown in Figure 8.
The growth time of false anomalies associated with the calculation of the climatological
component is about 6–7 days, which is a time length bottleneck for the conventional models
to forecast extreme weather systems.

An anomaly-based variable model, like the CMA GRAPES model, separates the
climatological height (pressure) and temperature components from the anomalous variables.
The anomaly-based variable model was able to predict the right turn of the unusual
Megi track five days in advance (Figure 6), while the current ECMWF model of primitive
equations was not even able to predict the right turn one day in advance (Figure 10). This
success story offers hope for the conventional NWP models to overcome this bottleneck.

For accurately predicting the intensity and location of precipitation, in addition to the
need for accurately predicting anomalous systems, the calculation of atmospheric vertical
velocity is a long-standing unsolved problem. The difference in intensity, timing, and
position of precipitation forecasts in conventional NWP models relative to the observation
is directly related to the difficulty of accurately determining vertical velocity. In addition to
the anomalous water vapor, the proposed dynamic moisture parameter AMSM as a rainfall
indicator contains the factor of vertical velocity. The factor of vertical velocity is the shear
stress modulus formed by the orthogonal collision of horizontal anomalous airflows. It is
a process transformed from the collision energy of horizontal anomalous airflows to the
energy of vertical motion. Although the conventional NWP model contains everything
such as divergence and vorticity of the horizontal airflows, the dynamic process of orthog-
onal convergence caused by horizontal anomalous airflows needs to be emphasized or
highlighted in the future NWP models.
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6.2. Conclusions

This paper summarized and proposed a novel method and a novel theory. This
novel method is to physically decompose the total atmospheric variables of observed
or model products into climatology and an anomalous component. Using the anoma-
lous components, forecasters can infer future trends of anomalous systems, such as the
future movement of the TC which will be steered by climatological airflows and the in-
teractions between anomalous systems (Qian et al., 2014 [18]; Huang et al., 2015 [19]).
Using the spatial structure or patterns of the geopotential height/temperature anoma-
lies and the wind/humidity anomalies, forecasters can determine the type, intensity,
location, and timing of extreme weather events (Qian et al., 2021 [23]). If the conven-
tional model forecasts are accurate, the extreme weather can be localized, intensified,
and timed by the anomalous components (Qian, 2017 [36]). In the past decade, this
physical decomposition method has been applied to the diagnosis and prediction of ex-
treme weather events such as heavy rainfall (Shan et al., 2015 [37]; Qian et al., 2021 [38]),
heat waves (Chen et al., 2016 [39]), low temperatures or cold events (Shi et al., 2021 [40];
Qian et al. 2016 [41]), haze (Qian and Huang, 2019 [42]), ozone (Qian et al., 2022 [43]), tor-
nadoes (Qian et al., 2017 [44]), sandstorms (Qian et al., 2022 [34]), wide fires
(Qian et al., 2021 [45]), etc. In the future, machine learning of anomalous systems would
improve the ability to predict extreme weather.

This novel theory described that the orthogonal collision of horizontal anomalous air-
flows can form a vertical motion and anomalous energies. For a long time, determining the
location and intensity of the vertical movement that leads to extreme precipitation has been
a difficult problem. This theory dynamically links the convergence of horizontal anomalous
airflows and forms a vertical motion. Extreme precipitation requires a combination of water
vapor and vertical movement conditions in the lower troposphere. In this paper, the AMSM
at the 850 hPa layer is a good combination of water vapor and vertical motion conditions.
In future, this parameter can be introduced into the extreme precipitation forecast based on
the interpretation application of model products, or it can be directly introduced into NWP
models to improve the accuracy of precipitation forecasting.

At present, conventional medium-range NWP models are faced with the problem of a
one-week forecasting barrier. This paper reveals that the forecasting barrier may be due to
an increase in the calculation error of climatological variables in the conventional NWP
models of primitive equations. In future, anomaly-based variable models can be developed
experimentally, and climatology as a known force can extend the forecast timeliness.

Orthogonal collision theory can be applied not only to explain theoretical and prac-
tical problems in extreme weather phenomena, but also to other disciplines. In terms of
explaining tornado formation, orthogonal collisions of horizontal airflow in the lower atmo-
sphere can form not only rotating cumulonimbus clouds, but also rotating funnel-shaped
clouds—tornadoes (Qian et al., 2023 [24]). This theory can explain the dynamics of super
typhoons, such as the orthogonal collision of horizontal airflow in the upper atmosphere,
which can form a downdraft (eye) in the center of the super TC and a cloud–rain ring corre-
sponding to the surrounding updraft (Qian, 2023 [46]). This theory can explain astronomical
optical phenomena such as gravitational lensing and auroras (Qian, 2023 [47], 2023 [48]).
It can explain the traces left by the Big Bang, such as the motion relationship between
stars, including the precession of Mercury (Qian, 2023 [49]; Qian, 2024 [50]). It can be
applied in high-energy physics, such as the construction of orthogonal collision colliders
(Qian, 2022 [51]). It can explain the continental drift and orogeny in the early Earth period
(Qian et al., 2023 [52]).

To help readers understand the whole picture of this anomaly-based research topic that
we are exploring, Figure 11 outlines the main themes with represented references. There
are four major aspects including (a) anomaly-based weather charts (Qian et al., 2021 [23]);
(b) anomaly-based diagnostic parameters or index (Qian et al., 2017 [44], Qian et al., 2015 [53]);
(c) anomaly-based prediction model (Qian et al., 2014 [18], Huang et al., 2015 [19], and
Qian and Du 2022 [27]); and (d) anomaly-based post-processing of model forecasts
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(Du and Deng 2022 [54]). There are still two blank areas needing to be explored in future: the
anomaly-based variable full NWP model and anomaly-based variable AI model (circled by
dash lines and highlighted in red in Figure 11).
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