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Abstract: Wind is one of the main factors raising errors in the spacecraft’s landing phase. As a
result, an accurate description of incoming wind conditions is supposed to be a prerequisite for
reliable parafoil trajectory planning. This work utilizes the Weather Research Forecast (WRF) model
system with efficient parameterization schemes to reproduce the wind field in the main landing
area during the landing phase of the “Shen Zhou” series spacecraft mission. In comparison with
observational data from several cases, it is validated that the WRF model has the potential to give
an accurate imitation of wind behaviors and is expected to be an alternative technique for costly
and time-consuming experimental undertakings. Based on the numerical results, a linear model
is proposed in the current work, which is applicable to the altitude range, specifically for parafoil
trajectory planning. It is validated by comparisons with observational wind properties from radio-
sounding stations. In addition, a sixth-order polynomial model is introduced for comparison as
well. The results show that the current proposed model has both the characteristics of a simple form
and good accuracy. It shows overall better consistency with observational data than the sixth-order
polynomial model.

Keywords: numerical investigations; wind field; “Shen Zhou” series spacecraft; WRF model system;
simplified linear model

1. Introduction

Wind is the motion of the atmosphere relative to the ground, which is highly correlated
with time and space. During the landing phase of spacecraft, wind is one of the largest
sources of landing error [1,2]. Specifically, when encountered with a large high-altitude
crosswind, a significant deviation will occur at the landing point. Its unpredictability will
lead to the expansion of the search area and the extension of rescue time. Since airdrop
testing is a costly and time-consuming undertaking, it is difficult to obtain precise wind
field data by experiment. Fortunately, with the development of meteorological science
and technology, especially the continuous advancing progress of numerical prediction
models, it is possible to derive precise wind fields through simulation. This provides a
synthetic environment for analysis scenarios since wind conditions are perfectly known
and controlled.

Among the numerous numerical weather prediction models, the Weather Research
Forecast (WRF) model system integrates so-far mesoscale research achievements. It has
good performance in simulating and predicting real-time wind field [3-5]. Yuan et al. [6]
systematically simulated the wind field and its influence on the main landing area by
modeling WREF in the phase of the “Shen Zhou 6” spacecraft mission. They concluded that
the WRF model performs well at forecasting shallow wind fields below 100 m. Guo et al. [7]
took the main landing field of “Shen Zhou 7” as the center point and carried out a numerical
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experiment for wind field data collection using the Rapid Update Cycle of the Weather
Research and Forecasting model (WRF-RUC). Compared with wind profiles from upper-
atmosphere soundings and mobile incoherent Doppler wind lidar, the WRF-RUC 3-h fast
update cycle of the assimilation and forecast system provides consistent and high-resolution
forecasting results. Magelinski [8] recommended in his thesis that the WRF model is
preferred for obtaining the most accurate wind data in airdrop modeling and operation.

With mesoscale cloud, temperature and water vapor structures representative of the
real atmosphere contained, the WRF model can generate high-fidelity temporal and spatial
resolution datasets [9,10]. These proxy datasets not only help understand the complex
landing performance of spacecraft but also complement the data sources for modeling the
wind field. An efficient and accurate wind field model is necessary to support the realistic
trajectory design of spacecraft.

The wind field model is generally established by a composite of the average wind field
model and the turbulence wind field model. Average wind field models provide a reference
value for wind speed, which generally exists as the background of the airdrop process.
Currently, the trajectory planning of the parafoil system only considers the influence of
the average wind. The influence of turbulence (gust) is generally treated as an external
interference. Commonly used turbulence wind field models, including the Dryden model
and Von Karmen model [11] can be modified according to the real-time measured high-
altitude turbulence parameters.

For the average wind field, several simplified engineering models have been devel-
oped. Vishniak [12] estimated the average wind velocity using an exponential formula
on altitudes up to 500 m. Cao [13] created a sixth-order polynomial model for the mean
wind speed as a function of altitude ranging from 4 to 50 km. However, to date, there has
yet to be a mature model extended to the altitude range specifically for parafoil trajectory
planning, a range from surface to altitude usually below 7 km, when the main parachute is
fully opened, and the return capsule begins to float in the atmosphere.

This paper aims to reproduce a precise wind field in the main landing area during
the landing phase of the “Shen Zhou” series spacecraft mission based on the WRF model
system. Existing meteorological measurements support the analysis and validation of
simulated datasets. On this basis, a wind prediction model is proposed via attempts at
local parameterization of the wind field in the main landing phase. The model has both the
characteristics of a simple form and good accuracy. It is hoped to be exploited to improve
computational efficiency when used in practice for parafoil trajectory planning.

The structure of this paper is detailed as follows. Section 2 gives an overview of the
case description and elaborates on the WRF modeling system applied. Section 3 provides
the results and a discussion. The analysis and validation of the simulated datasets are
given in this part. A simplified engineering wind model specifically for parafoil trajectory
planning is proposed in Section 4, and a summary and conclusions are provided in Section 5.

2. Case Description and Methodology
2.1. Target Area

The current work uses Siziwanggqi, the main landing field of the “Shen Zhou” series
spacecraft, as the target area. Siziwangqi is located in the middle of the Inner Mongolia
Autonomous Region. It is the most critical spacecraft landing site in China. “Shen Zhou 1”
to “Shen Zhou 11” spacecrafts have successfully landed here.

2.2. The WRF Model

WREF is a sophisticated numerical weather prediction tool that is frequently used for
mesoscale simulations of wind fields. It is a fully compressible, non-hydrostatic model.
Its vertical coordinate is terrain following hydrostatic pressure and the horizontal grid
is Arakawa C-grid staggering. The model employs the third-order Runge-Kutta time
integration scheme and the second- to sixth-order advection schemes in both horizontal
and vertical directions. In descriptions of atmospheric parameterization, it includes several
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microphysical, cumulus and planetary boundary layer (PBL) schemes. High-resolution
global data are used to initialize the topography and other static surface fields.

2.3. Case Setup

Version 4.2 of WRF [14] is used to produce a realistic simulation of the wind field
during the landing phase of the “Shen Zhou” series spacecraft. Model simulations extend
over three four-day periods, from the 14th to the 17th of October 2005, the 26th to the 29th
of September 2008 and the 24th to the 27th of June 2013, respectively representative for the
landing phase of “Shen Zhou 6”, “Shen Zhou 7” and “Shen Zhou 10”. In order to avoid
“spin-up” problems, model simulations are initiated 12 h earlier [15-18].

Focused on the central point of the main landing field (111.430°E, 42.350°N), the WRF
model is fourfold-nested and has horizontal resolutions of 27, 9, 3 and 1 km, respectively.
The four domains interact with each other through a two-way nesting strategy [19]. The
finest domain covers the central point, with an area of 419 km from east to west and 419 km
from south to north, as shown in Figure 1. The vertical resolution is 1.5 m from the surface
to 20 m, 10 m from 20 to 100 m, 20 m from 100 to 250 m, 150 m from 250 to 1000 m, and
500 m from 1000 to 12,000 m, giving a total of 59 levels.
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Figure 1. Geographical fourfold-nested domain covered by the WRF model.

The initial and boundary conditions that are necessary for the model’s application are
produced using the European Center for Medium-Range Weather Forecasting (ECMWF) Re-
analysis fifth generation (ERA5) [20] datasets gridded at 0.25° latitude-longitude and origi-
nated from its 1-h archive data. Data concerning terrain elevation and land use/vegetation
(global 24-category data) are downloaded from the U.S. Geological Survey (USGS) [21]
with a 30-second resolution. The physical configuration used in the simulation is defined
in Table 1.

Table 1. Physical configuration used in the simulation.

Physical Process Parameterization Scheme
Microphysics WSM6 (WRF Single-moment 6-class) [22]
Longwave radiation RRTM (Rapid Radiative Transfer Model) [23]
Shortwave radiation Dudhia [24,25]
Surface layer Eta similarity (Monin-Obukhov) [26-28]
Land surface Noah [29]
PBL physics MYNN (Mellor-Yamada-Nakanishi-Niino) 2.5 level TKE [30]
Cumulus physics Kain-Fritsch (new Eta) [31,32]

The process of the fourfold-nested model takes about 101 h for each case to run on
IBM high-performance computers with 96 CPUs, which would meet service requirements.
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Multiple output parameters, including wind direction and wind speed, are validated in the
current work.

2.4. In Situ Datasets

The results of the WRF model are compared to observations from the surroundings of
the landing center, including data collected from the Erenhot and Hohhot radio-sounding
stations, as well as from the Mandula and Damaoqi weather stations. The respective
position coordinates of the four observation stations are shown in Table 2. The terrain height
map of the main landing field and these four observation stations and their geographical
relationships are shown in Figure 2.

Table 2. The respective position coordinates of the four observation stations.

Station Name Station No. Longitude [°E] Latitude [°N] Altitude [m]
Mandula 53,149 42.533 110.133 1223
Damaogqi 53,352 41.700 110.433 1377
Erenhot 53,068 43.650 112.000 996

Hohhot 53,463 40.810 111.680 1065

Terrain Height [m]
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Figure 2. Terrain height map of the main landing field and its surroundings.

3. Results and Discussion

The landing of the “Shen Zhou” series spacecraft goes through several processes,
where the phase with parachute deployment is the final stage [33]. When the main
parachute is fully opened, usually at an altitude of about 7 km, the return capsule be-
gins to float in the atmosphere. At this time, the influence of wind on the flight trajectory
reaches its maximum. As a result, more interest is paid to precise wind field simula-
tions below 7 km in the current work. The simulation results are analyzed and discussed
as follows.

3.1. “Shen Zhou 6” Case

The simulation period of the “Shen Zhou 6” spacecraft is set from the 14th to the 17th of
October 2005. Figure 3 compares basic meteorological parameters, atmospheric pressure
and potential temperature, obtained from the WRF model and the Erenhot and Hohhot
radio-sounding stations, at 00:00 LST (Local Standard Time) on 17 October 2005. It is worth
noting that OBS are short for observations in the figure and all the same in the following
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Altitude [km]

Altitude [km]

part. It shows that the WRF simulations reproduce the vertical variation of atmospheric
pressure and potential temperature within the altitude range from the surface to 7 km, with
pretty good accuracy. From Figure 3, it can be seen that atmospheric pressure decreases
with altitude. The higher the altitude, the faster the atmospheric pressure decreases. On the
contrary, because the vertical temperature reduction rate of the atmosphere is smaller than
the dry adiabatic temperature reduction rate, the potential temperature generally increases
with altitude. The consistency between the WRF simulations and the observations of these
two meteorological parameters guarantees the accuracy analysis for wind characteristics in
the following part.

7 7
o Erenhot OBS o Erenhot OBS x
6T ——Erenhot WRF o ——Erenhot WRF x
St x Hohhot OBS E > [ x Hohhot OBS
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Figure 3. Profiles of (a) atmospheric pressure and (b) potential temperature above the main landing

area from WRF and observations at 00:00 LST on 17 October 2005.

Figure 4 shows the distributions of wind speed and wind direction in the vertical
direction at 00:00 LST on 17 October 2005. This shows that the WRF model can imitate
wind behavior with acceptable accuracy. The profiles of wind speed and wind direction
obtained by WRF and upper-level soundings have a remarkably similar trend. However, a
noticeable deviation in wind direction is observed near the surface. Meanwhile, it is clearly
shown that the wind direction profile at the higher altitude is much smoother than that
at the lower altitude. As the altitude decreases, the profile shape seems more disturbed.
This could be attributed to the fact that wind has distinct stratification characteristics at
different altitudes.

7 7

o Erenhot OBS o Erenhot OBS %0
6 ——Erenhot WRF oT ——Erenhot WRF =
3 x Hohhot OBS =3 [ * Hohhot OBS P
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3 x
3 237 %
2 <5t ¥ o
1 1}
0 I 0 X X " 0.
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Wind speed [m/s] Wind direction [°]
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Figure 4. Profiles of (a) wind speed and (b) wind direction above the main landing area from WRF
and upper-atmosphere sounding data at 00:00 LST on 17 October 2005.
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Air temperature [°C]
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According to wind characteristics, wind fields below 7 km can be categorized into
three altitude levels: free atmosphere layer (from 2 km to 7 km), Ekman layer (from
100 m to 2 km) and surface layer (from surface to 100 m). For a clear comparison of wind
characteristics at different altitude layers, Figure 5 shows stratified wind vector maps at
three typical altitudes.

Air temperature [°C] Air temperature [-C]
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Figure 5. Stratified wind vector maps at altitudes of about (a) 6700 m, (b) 2000 m and (c) 15 m, respectively.

The free atmosphere layer is far from the surface and not affected by surface friction,
where the air movement follows the geostrophic wind or gradient wind law, with the wind
direction almost unchanged, as shown in Figure 5a. With a decrease in altitude, the wind
becomes sophisticated when entering the Ekman layer. Since surface friction, Coriolis force
and pressure gradient work together here, wind direction changes are more obvious, as
shown in Figure 5b. In the surface layer, turbulent viscosity is dominant. More affected
by topography, the wind is relatively turbulent, which is reflected in Figure 5¢c, showing a
random distribution of wind direction.

For the mean wind speed field, with upper-atmosphere sounding data as the reference,
the statistical deviations obtained from the WRF forecasts are shown in Figure 6. The results
are given every 12 h from 00:00 LST on 15 October to 12:00 LST on 17 October. Figure 6
shows that the absolute deviations are no more than 5 m/s. Specifically, deviations in
Hohhot show more volatility, with a maximum value close to 10 m/s and a minimum value
of about —5 m/s. In comparison, deviations between WRF and observations in Erenhot
have a relatively more minor range, where the fluctuation range of the average relative
wind speed error is almost controlled within +12%.

O Erenhot
10 O Hohhot

B oo :- = =T B

peed deviation [m/s]

o 0'3 Average relative wind speed error
= ;
Z-10
= 0
-0.3
P o o 5 5 6
N N\ N N S \
\\“\q’ 5 @O’B > \\Q\WQ\)& \\Q\q'\é \\“\%\é \\Q\%\"‘ég
O O Q o’ ® NN NN
RSN g ASRN NS N AS
& N @9 b QQ,Q o & N
Time

Figure 6. Statistical deviations of mean wind speed field obtained from WRF forecasts in the “Shen
Zhou 6” case.
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Table 3 further shows the specific statistical biases of the mean wind speed for a
more intuitive look. The results show that the average deviation is positive, meaning
that the WREF forecasts are generally larger than the observations. Consistent with that
shown in Figure 5, deviations are more minor in Erenhot than in Hohhot. In Erenhot,
the absolute value of the average deviation does not exceed 2 m/s, while in Hohhot, the
maximum absolute value of the average deviation is close to 4 m/s. Overall, the WRF
model reproduces a wind speed field with reasonable accuracy.

Table 3. Statistical biases of mean wind speed above the main landing area in the “Shen Zhou 6” case.

Wind Speed [m/s] Wind Speed [m/s]
Time [LST] Maximum Minimum Average Time [LST] Maximum Minimum Average
Deviation Deviation Deviation Deviation Deviation Deviation

Erenhot Hohhot

15—00:00 3.84 —2.05 1.82 15—00:00 3.87 —1.41 0.95
15—12:00 3.45 —0.71 0.59 15—12:00 2.62 0.88 1.18
16—00:00 3.57 —2.26 0.74 16—00:00 9.09 —0.92 3.04
16—12:00 0.92 —2.44 —1.06 16—12:00 3.01 5.63 3.83
17—00:00 —2.17 1.86 —0.85 17—00:00 —2.64 3.87 1.87
17—12:00 —1.98 2.52 0.13 17—12:00 —1.37 3.79 1.25

Since for airdrop and spacecraft recovery missions, precise flared landing near the
ground is much of great importance. Figure 7 also shows a variation comparison of near-
surface wind speed above the main landing area between the WRF and weather stations
in the simulation period. It can be seen that the overall prediction of the near-surface
wind field by the WRF model system is realistic. The variation in wind speed with time is
well reproduced.

15
- A Mandula OBS
\E, 0 A A ——Mandula WRF
"§ 0 Damaoqi OBS
& ——Damaoqi WRF
= 5
=
=
0% © © o & &
\\Q\q'\»é\ \\Q\q’\»& \\Q\ﬁ'x?’& \\Q\q’\»%& S \\Q\q’\»%&
RS Q_.QQ NN O O RS SN
N v N . < N N
Time

Figure 7. Variation of near-surface wind speed above the main landing area from WRF and weather
stations from 00:00 LST on 15 October 2005 to 12:00 LST on 17 October 2005.

3.2. “Shen Zhou 7" Case

The simulation period, from the 26th to the 29th of September 2008, covers the whole
landing phase of the “Shen Zhou 7” spacecraft with parachute. Figure 8 shows atmospheric
pressure and potential temperature changes with altitude, obtained from the conventional
upper-atmosphere sounding data and the WRF model at 00:00 LST on 28 September 2008.
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Figure 8. Profiles of (a) atmospheric pressure and (b) potential temperature above the main landing
area from WRF and upper-atmosphere sounding data at 00:00 LST on 28 September 2008.

Similar to Figure 3 in Section 3.1, Figure 8 shows that the WRF simulations reproduce
the vertical variation of atmospheric pressure and potential temperature with pretty good
accuracy. The consistency between the WRF simulations and the observations for basic
meteorological parameters guarantees further accuracy analysis of wind characteristics.

Figure 9 shows vertical wind speed and wind direction distributions above the main
landing area at 00:00 LST on 28 September 2008. The results show that the WRF model
can well imitate wind behavior on the whole. Specifically, the profile of the wind speed
predicted by the WRF model system in Erenhot is in perfect agreement with the observa-
tions. In Hohhot, WREF forecasts in the altitude range of 3-7 km also agree well with the
observed values. However, there are still apparent deviations from WRF predictions of
wind direction. It shows significant fluctuations in wind direction predictions over Hohhot,
which does not match the observation data. Considering that in the trajectory planning of
the parafoil system, more interest is concentrated on the average wind speed, the overall
WREF forecasts are acceptable.

7 7
o Erenhot OBS o Erenhot OBS
6 ——Erenhot WRF ) — Erenhot WRF
g 5 x Hohhot OBS g 5 I x Hohhot OBS
=4 ——Hohhot WRF =4 } ——Hohhot WRF
g g
£3 237
=] 2,1
1 1 F
0 . - 0 . . —
0 10 20 30 40 0 90 180 | . 270 360
Wind speed [m/s] Wind direction [°]
(@) (b)

Figure 9. Profiles of (a) wind speed and (b) wind direction above the main landing area from WRF
and upper-atmosphere sounding data at 00:00 LST on 28 September 2008.

Figure 10 shows the statistical deviations obtained from the WREF forecasts, with upper
atmosphere sounding data as the reference. Results are given every 12 h from 12:00 LST on
26 September to 00:00 LST on 29 September. Similar to Figure 6 in Section 3.1, it shows that
absolute deviations almost fluctuate in the range of 5 m/s. The difference from Figure 6 is
that, in this case, deviations in Hohhot are more concentrated than those in Erenhot.
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Figure 10. Statistical deviations of mean wind speed field obtained from WREF forecasts in the “Shen
Zhou 7” case.

Table 4 further shows the specific statistical biases of the mean wind speed. It can
be seen that the average deviations are scattered around zero and have relatively small
absolute values. The maximum absolute value of both average deviations in Erenhot
and Hohhot does not exceed 2 m/s. In particular, average variations at 12:00 LST on
26 September 2008 are tiny; the absolute values are no more than 0.20 m/s.

Table 4. Statistical biases of mean wind speed above the main landing area in the “Shen Zhou 7” case.

Wind Speed [m/s] Wind Speed [m/s]
Time [LST] Maximum Minimum Average Time [LST] Maximum Minimum Average
Deviation Deviation Deviation Deviation Deviation Deviation
Erenhot Hohhot
26—12:00 3.17 -217 0.12 26—12:00 2.82 —2.65 —0.20
27—00:00 5.61 —1.80 0.26 27—00:00 413 -1.99 1.17
27—12:00 3.75 —0.33 1.86 27—12:00 3.11 —2.57 0.56
28—00:00 0.95 —1.30 0.10 28—00:00 3.54 —2.86 0.50
28—12:00 1.55 —5.03 —1.61 28—12:00 2.45 —4.54 —0.70
29—00:00 0.95 —3.59 —091 29—00:00 0.67 —2.94 —0.90

With the results in Hohhot as an example, Table 5 shows relative wind speed error be-
tween WRF and upper-atmosphere sounding data obtained at 12:00 LST on 26 September 2008.
Several feature points in the respective altitude ranges clearly show that the maximum rela-
tive wind speed error is controlled within 10%. The average absolute value of the relative
wind speed error is only 4.52%. This means that the WRF model system can forecast well
the wind speed field at all altitude layers.

Table 5. Relative wind speed error between WRF and upper-atmosphere sounding data obtained in
Hohhot at 12:00 LST on 26 September 2008.

Layer Name Altitude Range  No. Altitude [m]  Relative Wind Speed Error [%]

Free atmosphere 1 6717.23 3.29
layer 2 km-7 km 2 3817.23 3.30
3 2087.23 451

Ekman layer 100 m-2 km 4 1019.23 —5.32
Surface layer surface-100 m 5 12.23 6.17

The average absolute value of relative wind speed error [%] 4.52
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To validate the wind speed forecasts near the surface, Figure 11 shows a near-surface wind
speed variation comparison in the simulation period from 12:00 LST on 26 September 2008 to
00:00 LST on 29 September 2008 in this case. In comparison with Figure 7, in the “Shen Zhou
6” case, the overall wind speed near the surface is small, almost no more than 5 m/s. Under
these circumstances, it is more difficult for WRF to capture the wind speed field precisely.
From Figure 11, it can be seen that the WRF forecasts in Mandula are better than those
in Damaogqi. In Mandula, wind disturbance and variation changes are well reproduced
and consistent with observations. In contrast, relatively significant deviations occurred
between WREF forecasts and observation data in Daomaoqi. However, since near-surface
wind speed is rather low, the absolute value of deviations is also tiny, exhibiting less impact
on a trajectory.

15
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Figure 11. Variation of near-surface wind speed above the main landing area from WRF and weather
stations from 12:00 LST on 26 September 2008 to 00:00 LST on 29 September 2008.

3.3. “Shen Zhou 10” Case

For the “Shen Zhou 10” spacecraft case, the simulation period is set from the 24th to
the 27th of June 2013. Figure 12 gives the WREF forecasting profiles of the atmospheric pres-
sure and potential temperature above the main landing area at 12:00 LST on 25 June 2013.
Compared with the upper-atmosphere sounding data obtained from the Erenhot and Ho-
hhot radio-sounding stations, WRF produces generally consistent results. This guarantees
further accuracy analysis of wind characteristics.

7 7
o Erenhot OBS . o Erenhot OBS
6T ——Erenhot WRF [ ——Erenhot WRF
?5 - x Hohhot OBS ES [ x Hohhot OBS
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Q (]
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< s b < 2}
1 1 F
0 1 ' 1 O 'l 1 1
200 400 600 800 1000 250 275 300 325 350

Atmospheric pressure [hPa]

(a) (b)

Potential temperature [K]

Figure 12. Profiles of (a) atmospheric pressure and (b) potential temperature above the main landing
area from WRF and upper-atmosphere sounding data at 12:00 LST on 25 June 2013.

Figure 13 shows the vertical distributions of wind speed and wind direction above
the main landing area at 12:00 LST on 25 June 2013. Unlike the above two cases, the WRF
model is better at reproducing a changeable wind direction. In addition, compared with
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instances of “Shen Zhou 6” and “Shen Zhou 7,” wind speed profiles in the vertical direction
differ in Erenhot and Hohhot, rather than a consistent trend.

f x o Erenhot OBS o Erenhot OBS %0 o./1x
6 F o 6 F
% x ——Erenhot WRF ——Erenhot WRF X
E [ % % Hohhot OBS g [ % Hohhot OBS )
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0 10 20 30 40 0 90 . 180 | 0270 360
Wind speed [m/s] Wind direction [°]

(a) (b)

Figure 13. Profiles of (a) wind speed and (b) wind direction above the main landing area from WRF
and upper-atmosphere sounding data at 12:00 LST on 25 June 2013.

To verify whether the inconsistency between wind speed profiles from two neighbor-
hood radio-sounding stations is common or accidental, Figure 14 further shows profiles of
the wind speed at the other four moments. It can be seen that the divergence in wind speed
profiles is incidental. In combination with Figures 13a and 14c, this is an occasional phe-
nomenon on 25 June 2013. Most of the time, as seen in Figure 14a,b,d, the wind behaviors
are generally consistent at both Erenhot and Hohhot.

7 7
X o Erenhot OBS o Erenhot OBS
6 —— Erenhot WRF o1 —— Erenhot WRF
=50 % Hohhot OBS =0 % Hohhot OBS
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Figure 14. Profiles of the wind speed above the main landing area from WRF and upper-atmosphere
sounding data at (a) 12:00 LST on 24 June 2013, (b) 12:00 LST on 26 June 2013, (c) 00:00 LST on
25 June 2013 and (d) 00:00 LST on 27 June 2013.
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With the removal of outliers, Table 6 shows the statistical biases of the mean wind
speed. Compared with the above two cases, deviations fluctuate more, showing larger
maximum and smaller minimum values. Nevertheless, the average variations are still
scattered around zero and have small absolute values. The maximum absolute value of the
average deviations in Erenhot is 2.77 m/s at 12:00 LST on 26 June 2013, and in Hohhot it is
2.42 m/s at 00:00 LST on 26 June 2013. At the other moments, the maximum absolute value
in both Erenhot and Hohhot does not exceed 2 m/s. It demonstrates the relatively high
reliability of the WRF results.

Table 6. Statistical biases of mean wind speed above the main landing area in the “Shen Zhou

10” case.
Wind Speed [m/s] Wind Speed [m/s]
Time [LST] Maximum Minimum Average Time [LSTI Maximum Minimum Average
Deviation Deviation Deviation Deviation Deviation Deviation
Erenhot Hohhot
24—12:00 1.83 —-3.23 —0.83 24—12:00 2.88 -1.79 —0.62
25—00:00 4.46 —3.65 0.87 25—00:00 3.89 —8.39 —0.96
25—12:00 7.94 —5.13 1.83 25—12:00 4.69 —6.48 0.00
26—00:00 6.99 —6.62 0.09 26—00:00 0.41 —6.57 —242
26—12:00 1.05 —7.37 —2.77 26—12:00 6.03 —2.57 0.06
27—00:00 1.05 —4.73 —1.66 27—00:00 217 —4.56 —1.10

Figure 15 shows the variation of near-surface wind speed and wind direction above the
main landing area obtained from WRF and weather stations from 12:00 LST on 24 June 2013
to 00:00 LST on 27 June 2013. It can be seen that the overall prediction of the near-surface
wind field by the WRF model system is consistent with the observations. By comparison,
the WREF forecasts in Mandula are better than those in Daomaogqi, which is similar to that
concluded from the “Shen Zhou 7” case.

—
w
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é 10 0 ——Mandula WRF
§ o a 0 Damaoqi OBS
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Figure 15. Variation of near-surface (a) wind speed and (b) wind direction above the main landing
area from WRF and weather stations from 12:00 LST on 24 June 2013 to 00:00 LST on 27 June 2013.
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4. Engineering Wind Model

WRF model system is proven to provide a spatio-temporally varying wind field based
on region and time with relatively good accuracy. In this section, further analysis of
engineering wind models is done. A simplified wind model is built based on the WRF
forecasting wind data from the above three cases. Validation is carried out on the simplified
model using the observational wind properties in each case.

Assuming that the vertical wind v3 = 0, so the wind motion can be represented as

Vo = (Vi 0), M

where V! = (v1,v;) is the horizontal wind.
Introducing a horizontal wind speed function that varies linearly with height, the
magnitude of the horizontal wind speed is given as:

‘Vu’i‘ = wg + az, 2)

where wy is the near-surface wind speed, z is the altitude height.

The linear relationship described in Equation (2) has been fitted to the WRF forecast
data from the above three cases, as shown in Figure 16. Using 18 independent WRF
simulated z-profiles across surrounding locations (the Erenhot and Hohhot radio-sounding
stations) of the landing center, typical wy and a values are found. It is clearly seen that
wy = 3.7m-s"! and a = 2.5 57! can be used to approximate z-profiles constructed from
WREF datasets.

40
® Erenhot © Hohhot "Shen Zhou 6" Case
® Erenhot ® Hohhot "Shen Zhou 7" ‘sCa.sc e
— | @ Erenhot @ Hohhot "Shen Z ©'"Case
Em 30 R S 13(%1 ® o ...
=] Vil =37+252 se® o ©
o c0®q 8% °
2 20 >
w2
=]
=
= 10
0

Altitude [km]

Figure 16. WREF forecasts data used to create linear approximations of how wind speed varies
with height.

To validate the applicability and accuracy of the simplified model, observational wind
properties from radio-sounding stations are used for comparison in Figure 17. In addition,
a sixth-order polynomial model proposed by Cao [13] is also included for comparison.
In Figure 17, MOD are abbreviations for models. The performance of these two models
is examined by statistical parameters using R? (coefcient of determination) and MSE
(mean squared error). These parameters are calculated using Equations (3) and (4), shown
as follows:

Y (Xai — Xp)°
Yisy Xp?
1

MSE = — Yo (Xai— Xp;)®. 4)

R*=1—(

), ®)
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Figure 17. Comparison of modeled and observed wind fields above the main landing area in the
(a) “Shen Zhou 6” case, (b) “Shen Zhou 7” case, (c¢) “Shen Zhou 10” case, and (d) the whole case,
including the above three cases.

From the statistical analysis, it shows that the current proposed linear model performs
better than the sixth-order polynomial model, with its predictions more identical to the
observational data. The overall value of R? for the proposed model is 0.71241, which is
better than 0.64670 for the sixth-order polynomial model, since the closer R? is to 1, the better
the fitting effect is. In addition, the lowest values of MSE for the current proposed model
and the sixth-order polynomial model are found to be 18.45828 and 22.67614, respectively.
The smaller the value of the MSE, the more accurate the prediction effect.

Specifically, from Figure 17a,c, the polynomial model underestimates the wind speed
below 4 km, as this altitude range is beyond its applicability. In this range, the proposed
linear model shows more consistency with data obtained from radio-sounding stations. On
the other hand, in the altitude range of 5 km-7 km, the two models have remarkably similar
prediction trends. Considering that the polynomial model is proposed and validated based
on the abundant observational high-altitude data, it can be concluded that the current
model has good accuracy and reproduces the wind behaviors in this range well.

5. Summary and Conclusions

This study aims to evaluate the performance of the Weather Research Forecast (WRF)
model in reproducing wind fields during the landing phase of the “Shen Zhou” series
spacecraft mission. With suitable parameterization schemes and representative parameters
for the landing site, simulations are carried out with three cases. They are the “Shen Zhou
6” case, the “Shen Zhou 7” case and the “Shen Zhou 10” case, respectively. The results are
validated by comparison with observational data from the surrounding radio-sounding
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stations and weather stations. In terms of the vertical and horizontal distribution of wind
speed, it proves that the WRF model has the ability to give a precise wind field at specific
altitude layers.

Based on WREF forecasting wind data, a simplified linear wind model is proposed.
Observational wind properties from radio-sounding stations are used for comparison to
validate the applicability and accuracy of the linear model. This shows that the current
proposed model has good consistency with observations. In addition, compared with
a mature sixth-order polynomial model, it performs better at lower altitudes, especially
below 4 km.

Through the current work, it can be concluded that the WRF model has the potential to
provide an accurate imitation of wind behaviors. The proxy datasets generated by the WRF
model not only help understand wind performance, but also complement the data sources
for modeling the wind field. It is expected to be an alternative technique for costly and
time-consuming experimental undertakings. Moreover, in comparison with the high-order
polynomial model, the linear model is more suitable in the altitude range, specifically for
parafoil trajectory planning.
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