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ABSTRACT

Recently reported results indicate that small amplitude and small scale initial errors grow rapidly and
subsequently contaminate short-term deterministic mesoscale forecasts. This rapid error growth is dependent
on not only moist convection but also the flow regime. In this study, the mesoscale predictability and error
growth of mei-yu heavy rainfall is investigated by simulating a particular precipitation event along the mei-yu
front on 4-6 July 2003 in eastern China.

Due to the multi-scale character of the mei-yu front and scale interactions, the error growth of mei-yu
heavy rainfall forecasts is markedly different from that in middle-latitude moist baroclinic systems. The
optimal growth of the errors has a relatively wide spectrum, though it gradually migrates with time from
small scale to mesoscale. During the whole period of this heavy rainfall event, the error growth has three
different stages, which similar to the evolution of 6-hour accumulated precipitation. Multi-step error growth
manifests as an increase of the amplitude of errors, the horizontal scale of the errors, or both. The vertical
profile of forecast errors in the developing convective system indicates two peaks, which correspond with
convective instability and the moist physics. The error growth for the mei-yu heavy rainfall is concentrated
inside the mei-yu front, and related to moist convective instability and scale interaction.
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Introduction (Lorenz, 1969).

It is widely appreciated that forecasts of atmo-
spheric motion have a predictability limit because
of initial condition uncertainty and the chaotic na-
ture of the atmosphere. In meteorology, the word
“predictability” was given a very special meaning by
Thompson (1957). He found that numerical weather
prediction was sensitive to errors in initial conditions,
and that the forecast error growth is related to the
horizontal scale of initial errors. With improvements
in instrumental precision and network density, obser-
vational data is more accurate, but small amplitude,
small scale errors are inevitable. Therefore, errors can
not be completely removed from the initial conditions
due to data analysis and the uncertainty of observa-
tions. Even if the forecast models and initial condi-
tions are more accurate than presently available, the
errors due to small scale motions may grow rapidly so
that they place an effective limit on the predictive skill

*Corresponding author: TAN Zhe-Min, zmtan@nju.edu.cn

Predictability research has initially focused on
mid-latitude synoptic weather systems and medium-
range (3-5 days) forecasting. In this setting, the
error growth is primarily determined by the evolu-
tion of baroclinic perturbations (Molteni and Palmer,
1993). The first studies of mesoscale predictabil-
ity using an actual regional weather forecast model
were conducted by Anthes et al. (1985). They indi-
cated that mesoscale motions enjoyed enhanced pre-
dictability, presumably because mesoscale phenomena
are strongly constrained by topography and other local
features. But Errico and Baumhefner (1987) demon-
strated that strong dissipation and the lack of bound-
ary perturbations dominated the results of Anthes et
al. (1985). For mesoscale weather systems associated
with moist convection, the rapid growth of forecast
errors is generally dependent on convective instabil-
ity and latent heat release (Tan et al., 2004, here-
after Tan04), so that the growth and structure of
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forecast errors is more complicated than that in the
dry atmosphere. Using the fifth-generation Pennsyl-
vania State University (PSU)-National Center for At-
mospheric Research (NCAR) Mesoscale Model (MM5,
Dudhia, 1993), Zhang et al. (2002, hereafter ZSR02)
and Zhang et al. (2003, hereafter ZSR03) investi-
gated the forecast errors and mesoscale predictabil-
ity for the 24-25 January 2000 “surprise” snowstorm
along the east coast of the United States. They found
that small initial errors in the forecast model grew
rapidly at small scales, quickly saturated, and subse-
quently spread upscale. The single convective system
was first influenced by the initial errors, and then error
amplitude in this region increased and saturated. Af-
ter forecast errors spread upscale, they subsequently
contaminated cyclone system forecasting. In a gen-
eral framework, the mesoscale predictability and error
growth characteristics have been identified in idealized
moist baroclinic waves by Tan et al. (2004).

The current skill associated with warm season rain-
fall predictions is relatively low, both by absolute
standards and relative to predictions of winter season
weather systems with strong baroclinicity (Olson et
al., 1995; Fritsch et al., 1998). For warm season rainfall
forecasting, small scale and small amplitude initial er-
rors rapidly grow, saturate and subsequently upscale,
ultimately limiting forecast skill (Bei and Zhang, 2007;
Zhang et al., 2006). Using truncated perturbations
at different scales, Tribbia and Baumhefner (2004) in-
vestigated the error energy spectrum cascade. They
found both small scale and large scale errors could
contaminate forecasting, and the scale interaction of
forecast errors ultimately limited prediction. Carbone
et al. (2002) identified precipitation episodes in warm
season precipitation systems, which were defined as
time-space clusters of heavy precipitation with long
lifecycles that often resulted from organized mesoscale
or large-scale weather systems such as squall lines or
mesoscale convective complexes. These characteristics
of coherent rainfall patterns enhanced the predictabil-
ity of warm season rainfall. Tuttle and Carbone (2004)
subsequently indicated that the episodes were caused
by the cold air pool, low-level shear, and moisture
convergence. Therefore, scale interaction has an im-
portant role in the limitation of the predictability of
warm season rainfall.

The primary objective of this paper is to study
the mechanism of rapid error growth associated with
warm season precipitation episodes along the mei-yu
front over the Yangtze River-Huaihe River valleys in
East China. In general, the mei-yu front is a moist,
quasi-stationary front with weak baroclinicity, which
contains weather systems ranging from the mesoscale
to synoptic scale (Akiyama, 1990). The organized
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mesoscale and subsynoptic scale systems related to the
mei-yu front include the low-level jet (LLJ), upper-
level jet (ULJ), mesoscale convective systems (MCS),
mesoscale convective vortices (MCV), low-level shear
lines, etc. The mei-yu front is also affected by the
subtropical high over the Western Pacific and the cold
trough over northern China (Tao, 1980). A high mois-
ture zone is sustained near the quasi-stationary mei-yu
front, which determinates the direction of the low-level
vortices and MCSs propagating from the southwest to
the Yangtze River-Huaihe River valleys in East China.
The propagation of the Southwest Vortex, which is
a low-level vortex associated with the terrain, helps
maintain the longevity of episodes. For the mei-yu
front, Bei and Zhang (2007) investigated impacts of
initial errors’ scale and amplitude on the mesoscale
predictability of heavy precipitation systems. They
found the larger-scale, larger-amplitude initial uncer-
tainties generally led to larger forecast divergence,
though small-scale and small-amplitude error growth
rapidly limited predictability at the mesoscale. They
mainly focused on the predictability of local rainfall
near Wuhan; however, longer lived rainfall episodes
within the mei-yu front were not considered.

The paper is structured as follows. A brief synoptic
overview is presented in section 2. The model and ex-
perimental design are described in section 3. Section
4 analyzes the time-space distribution and evolution
of forecast errors within episodes of rainfall along the
mei-yu front. The multi-step error growth is discussed
in section 5. In section 6, the vertical profile of fore-
cast errors is explored. A summary and discussions
are presented in section 7.

2. Synoptic overview

Between 0000 UTC 4 July and 0000 UTC 6 July
2003, heavy rainfall spread all over the Yangtze River-
Haihe River valleys in East China. The maximum
precipitation at a single station was 356.9 mm dur-
ing 24 h, which was twice the previous record. This
heavy rainfall event belonged to the third rainfall stage
during the 2003 mei-yu season over the Yangtze River-
Huaihe River valleys in East China. Figure 1 shows the
850 hPa horizontal wind field, the equivalent potential
temperature at 700 hPa in the upper panel, and the
500 hPa geopotential height and 400 hPa horizontal
wind field in the lower panel at 0000 UTC 4 and 0000
UTC 5 July. These data are from NCEP final analysis
data. The quasi-stationary convergence zone spanning
from southwestern China to the Yangtze River-Huaihe
River valleys is known as the mei-yu front. Though the
temperature gradient was so small, a high horizontal
gradient of equivalent potential temperature was ma-
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Fig. 1. Upper panels: NCEP global analysis equivalent potential temperature at 700
hPa (solid contours, 4 K intervals), horizontal 850 hPa wind (full barb=4 m s™')
and low level jet at 850 hPa (shaded>12 m s™*, 6 m s™' intervals) at (a) 0000 UTC
4 July and (b) 0000 UTC 5 July 2003. Lower panels: 500 hPa geopotential height
(solid contours, 20 dagpm intervals), horizontal 400 hPa wind (full barb=4 m s™)
and upper level jet at 400 hPa (shaded>20 m s™', 10 m s~ ' intervals) at (c) 0000
UTC 4 July and (d) 0000 UTC 5 July 2003.

intained near the mei-yu front due to the convergence
of moisture.

Before the onset of this heavy rainfall, there was a
strong LLJ with horizontal wind speeds greater than
12 ms~! at 850 hPa. The isotach of 12 m s~! extended
400 km from west to east at 0000 UTC 4 July, and con-
tained two mesoscale LLJs (hereafter mLLJ) (Fig. 1a).
The western mLLJ was immediately adjacent to this
event, and located south of the mei-yu front in Hu-
nan Province, transmitting water vapor from South
China to the Yangtze River-Huaihe River valleys. On
one hand, the LLJ supplied the vertical component of
vorticity resulting from low-level shear, and organized
the episodes of rainfall. On the other hand, the LLJ
coupled with the ULJ, which sustained the convection
of the mei-yu front as seen in a modeling study (Liao
and Tan, 2005). Comparison of Fig. 1b with Fig. 1la
shows that the LLJ intensified again until 0000 UTC
5 July. Also, a new MCS developed at simulated +21
h (Liao and Tan, 2005). Moreover, the ULJ moved
southward, further coupling with the LLJ (Fig. 1d).

A series of MCSs developed one after the other
along the quasi-stationary convergence zone, and prop-
agated from west to east on 4-5 July. Based on the
satellite brightness temperature from GEOS-9 channel
one, three MCS (defined as MCS1, MCS2, and MCS3)
led to the heavy precipitation event (Fig. 2). At 1200

UTC 4 July, MCS1 originated near Wuhan (30.61°N,
114.13°E) and propagated downstream. When MCS1
rounded Dabie Mountain, it split into two parts. After
6 hours, the two separate parts of MCS1 merged to-
gether and decayed. In the meantime, the cold pool in-
duced by the MCS1 rainfall triggered a new mesoscale
convective system (MCS2), which brought over 140
mm in rainfall. Accompanying the 500 hPa short-wave
trough moving south (Figs. lc and 1d), MCS1 was
renewed and became more organized (MCS3). The
corresponding MCV made several separate convective
centers which merged and developed, which induced
a second rainfall period in Jiangsu Province. This
episode had coherent rainfall similar to that seen in
Carbone et al. (2002) and Wang et al. (2004). The de-
tails of the evolution of MCSs and MCVs during this
heavy rainfall event, and the scale interaction in the
mei-yu front can be found in Liao and Tan (2005) and
Chu et al. (2007).

3. Numerical models and experimental design

3.1 Numerical models and initial condition

The non-hydrostatic mesoscale model MM5 version
3.6 (Dudhia, 1993) was used for this study. The nu-
merical simulation employs two horizontal domains
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Fig. 2. Satellite brightness temperature (TBB) valid between 1200 UTC 4 July and 0400 UTC 5 July

2003, at two hour intervals.
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Fig. 3. MM5 model domains and terrain. The grid res-
olutions of domain 1 (D1) and domain 2 (D2) are 36 and
12 km, respectively.

(D1 and D2) with 36- and 12-km grid resolution,
respectively. Considering the effect of the terrain
and water vapor sources on the mei-yu front, the 36
km coarse domain employs 142 x 182 horizontal grid
points, which covers the greater part of the Tibetan
Plateau and contains part of the Bay of Bengal and the
East China Sea. The inner domain (D2) has 184 x 121
horizontal grid points, and both domains have a total
of 23 vertical layers, which covers the main body of the

mei-yu front in East China. The topography within
D1 is presented in Fig. 3. To maintain the same lat-
eral boundary during different numerical simulations
of inner domain (D2), one-way nesting is employed in
this study. The Betts-Miller cumulus parameteriza-
tion (Betts and Miller, 1986), the Blackadar planetary
boundary layer scheme (Blackadar, 1979), the micro-
physics scheme with simple ice phase, and simple radi-
ation parameterization are used in both domains. Fi-
nal analysis data (1° horizontal resolution, 26 vertical
levels and a 6-hourly updating frequency) from Final
Global Data Assimilation System (FNL) and conven-
tional observational data were used for the model’s
initial and boundary conditions.

3.2 Ezxperiment design

To investigate the characteristics and the mecha-
nism of error growth associated with a mei-yu heavy
rainfall event in warm season, control and perturbation
experiments were designed. In the control experiment,
the evolution and structure of the mei-yu front and the
rainfall episodes are reproduced. The outer domain D1
is initialized at 0000 UTC 4 July, and integrated for
48 hours in order to supply initial conditions and lat-
eral conditions for D2. In view of the initial-stage
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adjustment, D2 is initialized by forecast results
from D1 at 0300 UTC 4 July (hereafter referred to as
CNTL-D2). In CNTL-D2, the evolution of MCSs, the
development of MCVs within the mei-yu front, and
the total precipitation were simulated consistent with
the observations (not shown). The details of the sim-
ulation of MCSs and precipitation during this heavy
rainfall event can be found in Liao and Tan (2005).
The perturbed experiment (hereafter referred to as
CNTL-D2P) used CNTL-D2 in D2 and examined the
sensitivity of the forecast to initial errors. Additional
initial errors were added in CNTL-D2P, and integrated
for 48 hours with the same boundary conditions as in
CNTL-D2. The perturbations added to the initial con-
ditions consist of random errors after those in Tan04,
with Gaussian noise added to the temperature field
in D2. The noise has a zero mean, standard devia-
tion 77 = 0.2 K, and is independent at each grid point
and each grid level. Since our interest lies in the er-
ror growth from initial small amplitude and small scale
Gaussian noise, the numerical model was taken as per-
fect, and was able to simulate the gross features of this
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heavy rainfall event as shown in Liao and Tan (2005).
To reduce sources of errors in the numerical model, the
lateral, upper, and lower boundary conditions do not
employ noise.

4. Error growth in mei-yu heavy rainfall

We begin by examining the evolution of small scale,
small amplitude initial errors in CNTL-D2 and CNTL-
D2P. Figure 4 shows the 500-hPa meridional wind dif-
ference at 6, 12, 24, and 36 h, where the thick lines
from southwest to northeast represent 338 K equiva-
lent potential temperature. The isolines of the 338 K
equivalent potential temperature surround the mei-yu
front where moist-convective motion prevails; there-
fore, this can be regarded as the boundary of mei-yu
front. The initial random errors added to the tem-
perature field have decayed everywhere except for a
narrow zone near the mei-yu front and the southeast
quadrant of the short wave at first 3 h.

By 6 h, the horizontal wind difference has grown
to a maximum of 1.6 m s~!, but the horizontal scale
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Fig. 4. The 500 hPa meridional wind difference (thin lines for positive; short dashed lines for neg-
ative) between CNTL-D2 and CNTL-D2P valid at (a) 6 h, (b) 12 h, (c) 24 h, and (d) 36 h of the
nested domain simulation in D2. Contour intervals are 0.2 m s~* for (a), 0.5 m s~* for (b), and 1
m s~ ' for (c) and (d), respectively. The 500 hPa geopotential height (long dashed lines, 20 dagpm
intervals) and 338 K isolines of the equivalent potential temperature at 500 hPa (thick lines) denote
the boundary of the mei-yu front. The display window boundaries move east with time.
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Fig. 5. The 6-h accumulated precipitation difference (thin lines for positive; short dashed lines for
negative; contour interval 5 mm) between CNTL-D2 and CNTL-D2P valid at (a) 12 h and (b) 24 h.
The 850 hPa geopotential height (10 dagpm intervals) in CNTL-D2 is overlaid (thick lines). Areas
with 6-h accumulated precipitation greater than 10 mm are shaded. The display windows are the

same as in Fig. 4.

is only about 50 km because it grows in the form of a
single convective system (Fig.4a). In the following
6 h, the wind differences continue to grow, and reach
2.9 m s~! (Fig. 4b), which corresponds to the value in
Tan04, although the horizontal wind difference is only
about 0.2 m s~! at 3 h which is smaller than the value
of 0.5 m s~ ! in Tan04. The errors growth is faster
in this event after the convective systems occurred
compared to the moist baroclinic wave in Tan04. At
this time, the spatial scale and extent of errors in-
crease greatly, reaching roughly 200 km at 12 h. Sub-
sequently, the short-wave trough at 500 hPa moves
even faster than the propagation of errors, and then
the meridional wind differences don’t only concentrate
on the southeast side. This indicates that baroclinic
instability is not the main mechanism of the growth
and propagation of differences in this case; moreover,
wind differences remain inside the mei-yu front, which
means the mei-yu front could limit error growth in the
horizontal scale (Fig. 4c). At 36 h, the wind differ-
ences cover the whole mei-yu front and the differences
begin to organize (Fig. 4d).

Figure 5 shows the 6-h accumulated precipitation
difference between CNTL-D2 and CNTL-D2P valid at
12 and 24 h. The maximum differences are all roughly
about 25 mm at 12 h and 24 h, and their horizon-
tal location corresponds broadly to that of the max-
imum wind difference at those same times (Figs. 4b
and 4c). Because convective precipitation and noncon-
vective precipitation both contribute toward the total
precipitation, total precipitation is best suited to rep-
resent the activity of moist convection in mei-yu front.
The 6-h accumulated precipitation differences locate in
the active zone of moist convection, as indicated by the
shaded area of 6-h accumulated precipitation (greater

than 10 mm) in CNTL-D2 (Fig. 5). From Fig. 4 and
Fig. 5, we find that the initial error growth mainly
related to the moist convection. In the first 3 h, in-
activity of moist convection is responsible the forecast
difference of 500 hPa meridional wind, which is smaller
than that in Tan04, though both initial errors had the
same scale and amplitude.

To further compare the error growth in this mei-
yu heavy rainfall event within a moist baroclinic wave,
as in ZSRO03 and Tan04, the difference total energy
(DTE) is defined as

1
DTE= L(U2, + Vi + #1080 ()

where U’, V' are the difference wind components, T”
is the difference temperature between CNTL-D2 and

Difference Total Energy (m’s”)

10° 10°

Wavelength (km)

Fig. 6. Power spectra of DTE (m? s™2) plotted every 6
h from 0 h, as well as at 3 h.
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Fig. 7. The evolution of DTE (m? s~?) estimated for dif-

ferences between CNTL-D2 and CNTL-D2P with time,

but for standard deviations of 0.02, 0.1, 0.2, 0.4, and 0.8
K in the initial errors.

CNTL-D2P, k£ = ¢,/T: (with reference temperature
T,=287 K and c, the specific heat at constant pres-
sure), and 4,7, and k run over D2 horizontal points
and vertical layers.

As shown in Tan04, the evolution of power spec-
trum of DTE with time provides the behavior of error
growth in different scales. Figure 6 shows the power
spectrum analysis of DTE. The spectral density of the
initial random perturbation is inversely proportional
to the horizontal scale. Over the first 3 h, the smaller-
scale (<100 km) components of DTE spectrum de-
creased rapidly because of the initial adjustment of the
numerical model, which is also related to the initial
condition without moist convective process. Snyder et
al. (2003) and Tan04 explain the similar behavior with
numerical diffusion. Compared to the moist baroclinic
waves in Tan04, the spectral width of the decaying
errors is wider within the range from 20 km to 800
km, but smaller scale errors show relatively weak de-
creases. Because the baroclinic instability in the mei-
yu front system is too weak, large-scale errors can not
be rapidly organized or amplified. In the meantime,
moist convection in the mei-yu front is more active,
so that convective instability becomes stronger and
then the convective-scale errors more slowly decrease
though numerical diffusion. Over the entire forecast
period to 36 h, the DTE grows steadily at larger wave-
lengths. DTE also increases rapidly at smaller wave-
lengths over the first 12 h, but the smaller scale errors
subsequently reach saturation, and the growth speed
of the smaller scale DTE becomes slow. The peak of
the spectrum gradually migrates from smaller to larger
scales with time, and the spectral peak covers 80-120
km by 36 h, which is less than what was seen by ZSR03
(700-1000 km after 36 h). The slow inverse cascade of
errors from small to large scales has been verified with
a two-dimensional closure model by Lorenz (1969).
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The spectral density characteristics of DTE in this
event are closed related to the strongly convective in-
stability and weak baroclinicity in the mei-yu front. In
this event, a series of MCSs are developing along the
mei-yu front, whose horizontal scales are about 100
km. The propagation of the low-level vortex induces
new MCSs one after another, accompanied by low-level
shear lines, the short-wave trough, and the moisture
gradient zone. The small-scale errors produced by the
older convective systems contaminate the distribution
of the low-level shear and the moisture gradient so as
to influence the development of new convective sys-
tems. In this event, there is coherent error growth,
with horizontal scales ranging from the subsynoptic
scale to smaller scales. The optimal growth of the er-
rors has a relatively wide spectrum ranging from 80 km
to 120 km, and convective-scale error growth prevails.

To illustrate the influence of initial errors’ ampli-
tude on the error growth, we have performed another
experiment configured exactly the same as CNTL-
D2P, except using 0.02, 0.2, 0.4, and 0.8 K for the
standard deviation of the white noise. Figure 7 shows
the evolution of the DTE with time for the different
amplitudes of initial errors. When the initial errors
are only 0.02 K, the errors grow steadily over the en-
tire forecast, and the decreasing stage of CNTL-D2P
is absent. For the initial small amplitude errors, the
effect of diffusion is relative weak and smaller than the
nonlinear to error growth in the initial stage. Though
the DTE ratio of the cases of 0.02 and 0.8 K initial
errors is about 102, the DTEs with the different initial
error levels all have the same order by 36 h (Fig. 7).
Moreover, the overall character of the evolution of the
power spectrum with time is not sensitive to the ampli-
tude of the small scale initial errors (not shown). This
further demonstrates that the mechanisms of the error
growth mainly depend on the intrinsic atmospheric in-
stability. However, the smaller the initial errors are,
the faster they grow; this behavior indicates that the
error growth is nonlinear. This dependence of the er-
ror growth rate on the initial amplitude is consistent
with the physical arguments by Lorenz (1969). Even if
observational instrument precision has large advances
over time, the forecast errors will still depend on not
only initial uncertainty but also the convective insta-
bility.

5. The error growth in different stages of the
rainfall

As shown in Fig. 5, the error growth is concen-
trated in the mei-yu front from southwest to north-
east, which is different from the result of Tan04, where
growth concentrated on the southeast side of the up-
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Fig. 8. (a) The zonal mean of 6-h accumulated precipitation (SAP), and (b)
the zonal mean of DTE (MDTE), both at 12 h (dotted line), 18 h (thin line),
24 h (dashed line), and 36 h (thick line).

per trough in the moist baroclinic wave case. There
are several separate MCSs in a line along the mei-yu
front (Fig. 2), and the distribution of errors is irreg-
ular along this direction. The cross-frontal distribu-
tion of error is relatively regular and has a distinctive
structure. Over the entire 36 h forecast, the direc-
tion of the mei-yu front approximately parallels the
equator, and this then favors the calculation of cross-
frontal errors. To investigate the relationship between
error growth and moist convection, the cross-frontal
zonal mean DTE (hereafter MDTE) is analyzed here,
which is used to describe the horizontal characteristics
of errors across the mei-yu front. Figure 8 shows the
MDTE and the zonal mean of 6-h accumulated precip-
itation across the mei-yu front at different stages. As
shown in Fig. 8, the horizontal distribution of MDTE
with latitude corresponds with that of the zonal mean
6-h accumulated precipitation (hereafter SAP), and
their evolution is similar, as well. Over the initial stage
(~12 h), there is only one maximum of SAP and one
peak for MDTE. After 24 h of simulation time, the
MDTE has several peaks accompanied by a few max-
ima of SAP (Fig. 8b). Comparison of Figs. 8b with
Fig. 8a further verifies that error growth mainly de-
pends on mesoscale moist convection.

Considering the adjustments of the numerical sim-
ulation and the MCS development, after 10 h simu-
lation time, the MDTE could be curve-fit every hour
with a normal distribution. Based on the growth of
the amplitude and the cross-frontal horizontal scale of
errors during 12-36 h, the MDTE as shown in Fig. 8b
could be fit with the following formulation:

Y—ye )2

MDTE(t, y) = Do(t)e 2585 (2)

where Dg(t) is the amplitude of MDTE at time ¢,y,
is the meridional location of the maximum of MDTE,
y is the meridional coordinate, and L.(t) is the cross-
frontal horizontal scale of errors. By fitting the data
from Fig. 8b, Do(t) and L.(t) are functions of time,
and have different forms at different stages of error
growth. They are given as follows:

—547.0 4 224.0et/4-5 10<t<15,
Do(t)={ 2023.8 +25551.7¢ /80 15 <t <21,
3790.9 4 0.386e!/3-4 21 <t <36,
(3)
and
24.0 + 2.7t 10<t <15,
L.(t)={ 263.0 —5284.2¢=4/45 15 <t <21, (4)
240.0 21 <t<36,

where ¢ is the hour.

Figure 9 shows the evolution of Dy(t) and L.(t)
with time. Asshown in Fig. 9, there are three different
stages for the evolution of Dg(t), which are consistent
with the variation of the 1 h maximum grid precipita-
tion produced by the different MCSs with time (Fig.
10). When the rainfall of MCS1 grows quickly at 10-15
h, Dy (t) also increases exponentially with time (Fig. 9).
At 15 h of simulation time, a new MCS (MCS2) has
just developed and MCS1 begins to weaken. From 15
to 21 h of simulation time, the total convective inten-
sity becomes weaker, though the total area of precipi-
tation produced by MCS1 and MCS2 grows (Fig. 10).
Therefore, the amplitude Dg(t) decreases exponentia-
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Fig. 10. The 1-h accumulated area precipitation (solid
line; mm) in D2 and the 1-h maximum grid rainfall (mm)
for different MCSs from 11 h to 36 h. The dotted lines
are for MCS1, the dashed lines are for MCS2 and MCS3.

lly in this period, but the rate of decay is smaller than
the rate of growth in the first stage. Accompanied by
the development of a new MCS (MCS3), Dy(t) sec-
ondly grows exponentially due to the convective insta-
bility related to MCS3.

Similar to the evolution of Dy(t), the cross-frontal
horizontal scale of the error L, (t) could be also decom-
posed into three different stages, but has a different
trend of variability (Fig. 9). In the first stage (1015
h), L.(t) increases linearly due to the single MCS1 in-
tensifying (Fig. 10). With the development of MCS2
and weakening of MCS1 (16-21 h), L.(¢) grows expo-
nentially with time, which was mainly related to the
impact of convective heating of MCS1 and convective
instability of MCS2, though Dy(t) decays in the mean-
time. After 21 h of simulation time, L.(¢) maintains
a size of about 240 km, corresponding to the cross-
frontal scale, which is the third stage for the evolution
of Le(t).
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Fig. 11. The relative growth rate of MDTEav (solid line,
1), the amplitude of errors Do (t) (dashed line, 2), and the
cross-frontal horizontal scale of errors L.(t) (dotted line,
3) during three stages of error growth from 10 h to 36 h.
After 21 h, the relative growth rate of MDTE,, and that
of the amplitude Do(t) overlap.

The evolution of amplitude and cross-frontal scale
of errors with time indicate the error growth in this
heavy rainfall event depends on not only the local
convective instability, but also scale interaction in the
mei-yu front. In the second stage (1521 h), Dq(t)
decreases with a relatively smaller rate; however, the
cross-frontal horizontal scale of errors grows exponen-
tially with time, which results in the peak of the error
spectrum migrating from small scale to mesoscale (Fig.
6).

Integration of Eq. (2) with y from y. — L./2 to
Ye + Le/2, obtains a relative growth rate for the aver-
age MDTE (hereafter MDTE,, ),

dIn MDTE,,

dln Dy N dlnL,
dt dt '

g7 ()

Figure 11 shows the evolution of the relative
growth rate of MDTE,,, Do(t) and L.(t) with time.
It is evident that Do(t) and L¢(t) have different con-
tributions to the relative growth rate of MDTEL,,.
When there is only one single MCS rapidly devel-
oping (Stages 1 and 3), the relative growth rate of
mainly depends on Dg(t). In this stage, the errors
grow mainly with increasing amplitude, which relates
to the convective instability. However, in the second
stage, L.(t) mainly determined the relative growth
rate of MDTE,,, where multiple MCSs were devel-
oped within the life cycle. Moreover, as shown in Eq.
(5) the growth of L.(t) would reduce Dy(t) if remains
constant. When L.(t) reaches the cross-frontal scale,
the error growth rate is mostly dependent on Dy (t).

Along the mei-yu front, the errors propagate down-
stream with the rainfall moving eastward. Though
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Fig. 12. The vertical profile of the horizontal mean of DTE (HDTE) (no mark;

2

m? s72), the horizontal divergence (cross marker; 2 x 1072 s71, 2x107° s

-1
)

2x107% s7' and 2 x 107* 57! for (a), (b), (c) and (d), respectively), the rain
water (circle marker; 0.5 g kg™') and the cloud water (triangle marker; 0.5
g kg™') at the different stage. (a) non convection area, (b) the developing
convective system, (c) the mature convective system, (d) the old convective
system deceasing and new one initial development.

the peaks of errors and precipitation are overlapping,
the small-amplitude errors propagate even faster than
precipitation systems, due to the moist convection in-
duced by the wave-like mechanism in the coherent
rainfall pattern (Carbone et al., 2002; Wang et al.,
2004). However, the location of mei-yu front determi-
nates the direction of error propagation.

6. Vertical structure of errors and the moist
atmosphere

In this section the vertical structure of errors and
its relationship with the moist atmosphere are dis-
cussed. Similar to the analysis in section 4, the dif-
ference total energy is defined as in Eq. (1), but using
only a calculation of the mean of the horizontal DTE
at different heights (hereafter HDTE), and covering
about an area of 220x220 km?, including the whole
convective system. The horizontal calculation region
is defined by the center of the convective system at

the different stages of convection. Figure 12 shows the
vertical profiles of HDTE at the different convective
stages, where the calculation region of the rain water
and the cloud water is the same as for HDTE, but the
calculation region of the divergence only covers about
110x110 km? area, including the convective system
center, because the horizontal scale of divergence is
smaller than that of the HDTE. In fact, correspond-
ing to the multi-step error growth discussed in section
5, MCS development in this event can be divided into
three stages: the developing, mature, and renewing
convective system. To investigate the overall charac-
teristics of the errors in the vertical direction for the
three stages of MCS development, the vertical profile
of error in non-convection areas is also given. The
time for the vertical profile calculation at the differ-
ent stages is based on the development of convective
systems. As shown in Fig. 12, the HDTE has a dif-
ferent vertical profile at each different stage, due to
the differences in convective intensity at each height.
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There is one peak of HDTE in the vertical near the
non-convection area (Fig. 12a). This peak lies near
the height of 700 hPa where the cloud water has one
maximum, but the horizontal divergence and rain wa-
ter are relatively small. This means that the HDTE
growth in this area mainly depends on moist heat-
ing at this time, though the convection in this area is
weak. During the developing stage of the convective
system, there are two peaks of HDTE near the convec-
tive area (Fig. 12b). One is located between 850-700
hPa where the maximum divergence overlaps with it;
the other is near the height of 300 hPa where the rain
water reaches the maximum. In general, the maximum
of the horizontal convergence indicates the convective
intensity is strongest, and the rain water maximum
implies moist convection is active. When the convec-
tive system becomes mature, there are also two peaks
for HDTE (Fig. 12c). The lower peak of HDTE moves
near the height of 925 hPa where the horizontal diver-
gence is positive. The positive divergence is introduced
by the sinking of the cold air, which is attributed to
the evaporation of falling rain. The differences of the
gust front of the cold pool contribute to this lower
peak of HDTE (Fig. 12c¢). With the convective sys-
tem decreasing, the lower peak decays in amplitude,
but grows steadily in the horizontal scale as discussed
in section 5. In the meantime, the old convective sys-
tem may generally trigger a new one along its bound-
ary. Figure 12d shows the vertical profile of HDTE at
the time for the old convective system weakening and
new one initially developing. There are also two peaks
for HDTE, but the upper-level peak locates near the
height of 200 hPa (Fig. 12d). Compared with Figs.
12b and 12c¢, the HDTE is relatively small in this pe-
riod, due to weak convective instability. Though the
old convective system is decreasing in strength, the
upper-level vertical motion still stays large and the er-
rors can be transported up higher, so that the upper-
level peak of HDTE lies near the height of 200 hPa,
which is higher than that in the developing stage (Fig.
12d).

Figure 13 shows the HDTE in different layers,
i.e., low-, middle-, and upper-layers respectively:
the boundary layer (1000-850 hPa), middle moist-
convective layer (800-400 hPa), and upper moist-
convective layer (400-100 hPa). The HDTE in the
boundary layer has not reached the decaying stage,
because there is enough water vapor in the boundary
layer of the mei-yu front, and the moist convection
starts up earlier in the low layer. During the transi-
tional stage between a new and old MCS, the HDTE
in the low- and middle- layers grows more slowly than
that in upper-layer. The friction in the boundary layer
is so strong that the HDTE in this layer could not
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Fig. 13. The DTE (m? s2) evolution with the time in
low-layer (1000-800 hPa; dotted line), middle-layer (800—
400 hPa; dashed line) and upper-layer (400-100 hPa;
solid line).

continue growing after the convective motion decayed.
The upward transport of errors and of the cloud water
maintains the growth of the upper-layer HDTE.

7. Summary and discussion

The present work explores the mesoscale pre-
dictability and error growth of precipitation episodes
associated with the mei-yu front. Analyzing the evolu-
tion of errors as the difference between a control sim-
ulation and a simulation with perturbed initial condi-
tions using the MMS5, it is found that the mechanism of
error growth canbe attributed to strong moist convec-
tive instability and weak baroclinicity related to the
mei-yu front.

Synoptic-scale forcing from the mei-yu front indi-
rectly plays a role on the heavy rainfall by moistening
the environment and creating a favorable wind shear
region. The cold pool and mesoscale convective vor-
tex, resulting from the internal mesoscale forcing, may
be responsible for the formation of coherent precipita-
tion patterns. These characteristics could reduce the
error growth rate compared with that in moist baro-
clinic systems. These features are similar to the ob-
servational analysis for warm-season coherent rainfall
in North America reported by Carbone et al. (2002).
The scale interaction within the mei-yu font makes
the peak of the DTE spectrum obscure compared with
that in ZSR03 and Tan04.

The error growth in mei-yu heavy rainfall concen-
trates inside mei-yu front, and closely relates to moist
convective instability. The error distribution corre-
sponds to the convective region, which again supports
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the hypothesis that moist convection is responsible for
the rapid error growth in mesoscale precipitation sys-
tems. The active low- and mid-level convective motion
results in the vertical peak of error at 800-700 hPa for
the developing convective system.

The quasi-stationary subsynoptic characteristic of
the mei-yu front limits the distribution and growth of
error, and the different evolution of MCSs along the
mei-yu front results in different stages of error growth.
The error growth in mei-yu heavy rainfall includes two
components, one related to the growth of the ampli-
tude, and another related to the growth of the horizon-
tal scale. The scale interaction results in a multi-step
error growth pattern in the mei-yu frontal heavy rain-
fall event.

According to the patterns of error growth in the
amplitude and the scale, the growth of errors could
be decomposed into three stages. In the first stage,
the amplitude and scale of errors synchronously grow,
but the error growth mainly appears as a result of
the increase in amplitude, and mainly due to convec-
tive instability. In this stage, the convective system
is in the developing phase and the error growth local-
izes in the low- and mid-level. The following stage re-
flects the upscale growth of errors, and the horizontal
scale of error grows exponentially due to the convective
heating. In the meantime, the growth in errors stem-
ming from the amplitude decreases due to convective
decay. In the third stage, the growth of the horizon-
tal scale of errors is limited by the mei-yu front, and
reaches saturation. Therefore, the horizontal scale of
error is maintained at about 240 km, corresponding to
the cross-frontal scale. In this stage, additional error
growth appears with the increase of amplitude due to
new MCS development. The growth rate of the ampli-
tude accompanies the convective action, which further
reinforces the above result that moist convection is re-
sponsible for the rapid growth of errors in mesoscale
precipitation systems.

In a future study we intend to construct an ideal-
ized experiment about mei-yu heavy rainfall so that
we can generalize these results from this single case
study. The mechanisms of error growth found from
these experiments will supply the background errors of
an assimilation experiment, and will inform the mem-
ber design of an ensemble prediction.
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