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A 1D-HD shock propagation model is established to predict the arrival time of interplanetary shocks at 1 AU. Applying this model to 
68 solar events during the period of February 1997 to October 2000, it is found that our model could be practically equivalent to the 
STOA, ISPM and HAFv.2 models in forecasting the shock arrival time. The absolute error in the transit time from our model is not 
larger than those of the other three models for the same sample events. Also, the prediction test shows that the relative error of our 
model is 10% for 31% of all events, 30% for 75%, and 50% for 84%, which is comparable to the relative errors of the other mod-
els. These results might demonstrate a potential capability of our model in terms of real-time forecasting.  
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Solar activities are important drivers of space weather and 
play important roles in leading to adverse solar-terrestrial 
environment. It is well known that various kinds of solar 
transient activities such as solar flares, disappearing fila-
ments, and coronal mass ejections (CMEs) are responsible 
for strong interplanetary (IP) disturbances and correspond-
ing non-recurrent geomagnetic disturbances. The IP shocks 
in the solar wind plasma associated with CMEs, solar flares, 
and stream-stream interactions herald the initiation of geo-
magnetic storms if sufficiently long and sufficiently large- 
magnitude southward components of the interplanetary 
magnetic field exist following the shocks. Therefore, pre-
dicting the arrival times of these IP shocks at the near Earth 
space with enough lead time has become a crucial aspect in 
space weather forecasting. Several models aimed at fore-
casting the arrival time of IP shocks at 1 AU have been de-
veloped, to list a few, such as the shock time of arrival 
model (STOA), the interplanetary shock propagation model 
(ISPM) and the modified Hakamada-Akasofu-Fry/     
version-2 (HAFv.2) model. These three models have been 

widely used in real-time prediction of the arrival time.  
The STOA model is based on similarity theory of blast 

waves, modified by the piston-driven concept, which ema-
nate from point explosions [1,2]. The ISPM is based on a 
2.5D MHD parametric study of numerically simulated 
shocks that shows the organizing parameter to be the net 
energy input to the solar wind [3,4]. The HAFv.2 model is a 
“modified kinematic” solar wind model that calculates the 
solar wind speed, density, magnetic field, and dynamic 
pressure as a function of time and location [5,6]. The statis-
tical results show that the performances of the above three 
models have been tested and the comparative study revealed 
that the performances of these three models were practically 
identical in forecasting the shock arrival time [6 8]. 

In this paper, one interplanetary shock propagation 
model is built up based on 1D-HD equations. The simplified 
1D-HD numerical model can better reflect the most basic 
physical image of the disturbance’s propagation in inter-
planetary space. A set of 68 solar events during the periods 
of February 1997 to October 2000 as testing data are used to 
evaluate the performance of the 1D-HD model. The com-
parisons of prediction results between our model and the 
models of STOA, ISPM, and HAFv.2 are also presented. 
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1  Model description 

1.1  1D-HD equations 

The time-dependent equations governing a single fluid, 
spherically symmetric, adiabatic solar wind are given by [9]. 
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Here, as usual,  denotes density, v  the radial speed, p  

the thermal pressure, a the sound speed ( 2a p ,  

the polytropic index),G  the gravitational constant, andMs  

the solar mass. 
In Heliosphere Equator Coordinate, V  and B  are 

both zero. According to the conservation of magnetic flux, 
radial magnetic filed satisfies 21rB r . Physical parame-

ters , v , B , p , t , r will be non-dimensionalized by 

critical point values 0 , 0v , 0B , 0p , A , sR . We can 
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where 2
0 08 p B  is the ratio of plasma thermal pres-

sure to magnetic pressure, s

A

gR
V

is the gravity accelera-

tion dimensionless value, A s AR V and A 0V B  

04  are the characteristic Alfvén time and speed, sR  is 

the solar radius. 

1.2  Numerical grids 

Due to the large scale of the computational domain from 1 
Rs to 215 Rs, during which the solar wind velocity changes 
from subsonic to supersonic, we divide the computational 

domain into two domains. One domain is 1 sR 20 sR  

(called domain 1), the other is 20 sR 216 sR (called domain 

2). For domain 1, we choose non-uniform grids ( )r i  
1(1 0.05)i ; while for domain 2, we choose uniform grids 

( ) ( 1) 0.5r i r i . This division completes grid system of 

the computational domain [1 Rs, 215 Rs]. The time incre-
ment is limited by the so-called Courant-Friedrichs-Levy 
condition (CFL condition) with the Courant number 0.8, 

0.8* ft r C , where fC  is the maximum of the local 

sound speed. 

1.3  Boundary conditions 

In order to obtain the initial ambient solar wind conditions, 
the solar wind velocity, density and pressure in computa-
tional boundary should be obtained. Then we can obtain the 
corresponding values in the whole calculation domain by 
using the iteration method for difference equations. 

We can choose inner boundary (on solar surface) condi-
tion and outer boundary (at 1 AU) condition. In this model, 
we choose outer boundary condition. For implicitly, we 
only use the observed background solar wind velocity at 1 
AU swV . In order to increase the stability of the procedure, 

if the background solar wind velocity is less than 500 km/s, 
the number density at 1 AU is assumed to be 18 cm–3, oth-
erwise, it assumed to be 9 cm–3. The temperature at 1 AU is 
assumed to be auT . According to 1D-HD eq. (1), for steady 

state, auT and swV  satisfy the constraint relation  
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, 5 3 .  If the solar 

wind velocity at 1 AU is given, the temperature at 1 AU can 
be determined uniquely by using Newtonian iteration 
method to solve eq. (3). 

1.4  Initial conditions 

Before solving eq. (2), Parker solar wind solution should be 
obtained and this will be the initial value condition. We 
assumed the background solar wind to be steady-state solu-
tion of eq. (2). The system does not depend on the time, 
thus 0t . We substitute it into eq. (2), 1D steady-state 

solar wind model in dimensionless form can be obtained as  
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According to eq. (4), we can obtain 
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where 2 2a p  is the local sound speed. From eq. 

(5), the critical points for 0dv dr  are located at 
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where the solar wind changes from subsonic to supersonic 
states. Now we can write eq. (5) as 
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where 2 1 2 1
2 1 ( )

2 2
pa C C vr . Taking the critical 

points into account, and using the iteration method for eq. 
(6), we can obtain the distribution of the background solar 
wind velocity depending on r  in the whole calculation 
domain. 

1.5  Simulated disturbance model 

After obtaining the steady-state solar wind solution, a 
time-dependent pulse superimposed on the solar surface 
map is used to introduce the coronal explosion event such as 
flare and CME. Following the method of the HAF model 
[5,10], a high speed stream is introduced into the back-
ground solar wind stream, which propagates into the inter-
planetary region and causes the interplanetary shock. The 
temporal profile of the shock speed at the Sun is considered 
to be governed by a time constant ( ) that appears in the 
exponential expression: s( ) ( / ) exp(1 / ),V t V t t where 

the  value is determined from the integrated X-ray flux 
in the 1–8 Angstrom GOES channel as a proxy diagnostic. 
It is estimated, on the usual logarithmic flux scale, by the 
time duration measured at one-half the distance from the 
pre-event background level to the peak. The shock speed 
rises exponentially to an assumed maximum ( sV , the Type 

II drift speed) and falls to a final decayed value of the back-
ground solar wind speed.  

After solving the ordinary differential eq. (5), the steady- 
state Parker solution can be obtained. The steady back-
ground solar wind will be the initial value of eq. (2). We 
choose appropriate numerical scheme (here we choose Roe 
scheme [11]), and the partial differential equations (2) can 
be solved. The evolution of eq. (2) should be steady state if 
no disturbance is introduced. We can obtain the 1D evolu-
tion of the disturbance’s propagation in interplanetary space 
if a disturbance is introduced on the solar surface. 

1.6  Criteria for judging arrivals of IP shocks at Earth 

Here, following the method used by the HAF model, a 
threshold of shock search index (SSI) is introduced to judge 
arrivals of IP shocks at Earth. In HAF model, the shock 
arrival time (SAT) is determined by computing predicted 
solar wind speed, density, and dynamic pressure at L1 
spacecraft position for several days into the future [5,6]. 
The predicted SATs are extracted from automatic scans of 
the temporal profiles of the dynamic pressure simulated at 
L1 using a SSI: minSSI log( ),P P  where P  is either 

the dynamic pressure or momentum flux; P  is the dif-
ference in P  during consecutive 1-h time steps, and minP is 

the minimum P  value for these time steps. Shock arrival 
time was identified as the time of maximum SSI as long as 
SSI exceeds the threshold. For our present method, the 
threshold of SSI is assumed to be –0.4. 

2  Prediction results and comparisons 

For the 1D-HD model, the input parameters are the initial 
shock speed sV , the duration of the solar event , and the 

background solar wind speed swV . Figure 1 shows the de-

pendence of the transit time to 1 AU predicted by the 
1D-HD model on the initial shock speed for different  
and different swV . It can be seen from Figure 1(a) that tran-

sit time decreases with the increase of the initial shock 
speed. And the background solar wind speed is lower; the 
trend of the change is more obvious. Decreasing the back-
ground solar wind speed can weaken the dependence of the 
transit time on the initial shock speed, particularly at the 
latter lower values. Figure 1(b) gives the shock transit time 
T versus the initial shock speed for different .  We also 
found that the transit time decrease with the increase of the 
initial shock speed. And the transit time decreases with the 
shock driving time for an initial shock speed. 

For testing purposes, we selected 68 solar transient 
events during the period from February 1997 to October 
2000 [6]. In this paper, we only concern on forecasting the 
shock arrival time, therefore, the events without a corre-
sponding IP shock arrival at 1 AU and those with an am-
biguous relationship between the solar event and the shock 
at 1 AU are not included here. For the 68 events, the re-
quired input parameters are: initial shock speed ( sV ), shock 

driving time ( ), background solar wind speed ( swV ) and 

the corresponding shock arrival time.  
By applying the 1D-HD model to the data set of 68 

events, we obtained the original results on the prediction of 
the shock arrival time. The prediction error is defined by 

HDT THD To, where oT  is the observed transit times and 

THD is the predicted transit times by 1D-HD model.  
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Figure 1  (a) The shock transit time T versus the initial shock speed Vs for different background solar wind speed Vsw. (b) The shock transit time T versus 
the initial shock speed for different duration time of solar event .  

Figure 2 gives the observed transit times To plotted against 
the original predicted transit times THD. The solid line de-
notes the linear fitting of To with THD, To= 29.554  

HD0.567 T . This linear fitting does not fit the realist one 

(dotted line). The prediction errors of 1D-HD model are 
probably induced by many factors. One is that the 1-D 
model does not take into account the location of the tran-
sient event, which contributes to the shock arrival time. An-
other is that the initial shock speed would affect shock arri-
val time. Also, the background solar wind speed has an im-
portant effect on the shock arrival time [12,13]. The model 
is spherically symmetric; thus, it cannot reflect the realistic 
inhomogeneous solar wind. However, the background solar 
wind for every event cannot be given by the present models. 
Heinemann presented that the prediction errors would be 
within 9 15 h if the inhomogeneities of background solar 
wind was not considered [14]. Taking all of these arguments 
into account, we revise the results for predicting the transit 
times as follows: HD HD29.554 0.567T T , where HDT  

stands for the modified transit times. 
The result shows that, for the 68 events, the original 

mean error T  of the 1D-HD model is 13.43 h, while the 

mean error is 12.75 h after our modification of the first pre-
diction results. The prediction result is improved after this 
modification. Table 1 gives the mean absolute errors of 
STOA, ISPM, HAFv.2, and 1D-HD models. The mean er-
rors of STOA, ISPM, and HAFv.2 models are 14.09 h, 
13.87 h, and 14.10 h, respectively. The mean absolute errors 
of these models are nearly identical, which shows similar 
capability of forecasting the IP shock arrival time among 
these models. 

Figure 3 gives the histogram of error in the predicted 
transit time for the 1D-HD model. The histogram shows a 
Gaussian distribution with a peak around zero after modi-
fied the prediction results. This property of approximate 
normal distribution demonstrates that the propagation of the 
interplanetary disturbances are mainly accounted for the 

model and may be influenced additionally by other factors. 
However, other error sources, such as coronal density dis-
tribution, complex heliospheric environments, and solar 
wind inhomogeneities [15 17], can also influence the 
propagation and arrival of IP shocks and may lead to com-
plicated distributions of the predicted transit time. And 
these error sources can explain, at least partly, the fact that 
the mean absolute errors of the model are all above 12 h. 

 

Figure 2  The observed transit time To plotted versus the predicted transit 
time THD. The solid line denotes a linear fitting. 

Table 1  Averaged absolute errors of STOA, ISPM, HAFv.2, and 1D-HD 
models 

Models Averaged absolute errors (h) 
STOA 14.09 
ISPM 13.87 
HAFv.2 14.10 
1D-HD original  13.43 
1D-HD modified  12.75 
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As for the relative error of predictions, i.e., 

o pred

o

.
T T

T
 

The prediction test for  shows that, for selected 68 
events, 29% of all the events have the relative error less 
than 10%, 66% have relative error less than 30%, and 90% 
have the relative error less than 50% before modification of 
the prediction results. But after modification, 31% of all the 
events have the relative error less than 10%, 75% have the 
relative error less than 30%, and 84% have the relative error 
less than 50%. It is found that the prediction result is im-
proved for the relative error less than 10% after modifica-
tion. For the STOA model, 24%, 63%, and 78% of all the 
event have the relative error less than 10%, 30%, and 50%, 
respectively. For the ISPM model, 21%, 50%, and 59% of 
all the events have the relative error less than 10%, 30%, 
and 50%, respectively. For the HAFv.2 model, 31%, 72%, 
and 93% of all the events have the relative error less than 
10%, 30%, and 50%, respectively. We can see from Table 2 
that the performances of the four models in terms of relative 
errors are nearly identical as well. 

 
Figure 3  The histogram of error in the predicted transit time for the 
1D-HD model. 

Table 2  Comparison of prediction results from STOA, ISPM, HAFv.2 
and 1D-HD models 

          Event        percentage 
Models 10%  30%  50%  
TOA 24% 63% 78% 
ISPM 21% 50% 59% 
HAFv.2 31% 72% 93% 
1D-HD (original) 29% 66% 90% 
1D-HD (modified) 31% 75% 84% 

3  Conclusions and discussion 

In this paper, one interplanetary shock propagation model is 
built up based on 1D-HD equations by using Roe scheme. 
Gonzalez et al. [18] used a one-dimensional, hydrodynamic 
single-fluid model to simulate eight CMEs at two kinds of 
ambient solar wind conditions and obtained some statistical 
results. These results show that for these cases the travel 
time depends not only on the CME initial speed, but on the 
ambient wind and other CME characteristics. However, the 
simulations show that the arrival time of very fast CMEs 
(Vcme >1000 km/s) has a smaller dispersion and therefore 
predictions can be made with reasonable accuracy [18]. Our 
model also obtains the same results: the arrival time would 
be affected by initial shock speed and the background shock 
speed. The transit time decreases with the increase of the 
initial shock speed. And the background solar wind speed is 
lower; the trend of the change is more obvious. Decreasing 
the background solar wind speed can weaken the depend-
ence of the transit time on the initial shock speed, particu-
larly at the latter lower values.  

We used 68 solar events during the period of February 
1997 to October 2000 as test events for 1D-HD model to 
predict the shock arrival time. The input parameters for this 
model are initial shock speed, shock driving time and back-
ground solar wind speed. The prediction test for selected 68 
events tell us that 31% of all the events have the relative 
error less than 10%, 75% have the relative error less than 
30%, and 84% have the relative error less than 50%. This 
shows that our model could be practically equivalent to the 
STOA, ISPM, HAFv.2 models in forecasting the shock ar-
rival time. 

However, like other similar arrival time prediction mod-
els, this present 1D-HD model is just a simple as well as 
ideal one with its own shortcomings. Firstly, coronal mass 
ejection is a complicated space plasma process, and we only 
use three kinds of observing data to simulate the disturbance 
coarsely, neglecting the location of the CME. The predic-
tion result is not precise enough as being imagined. Sec-
ondly, we do not consider the forecasting model for a spe-
cific event, but only present a method to predict the shock’s 
arrival time by inputting the observing data. So there would 
be some prediction errors for a large number of events, 
which are only on a statistic sense. For the simulation of 
successive events, there would be interactions among multi 
waves in interplanetary space [12,13]. For these events, the 
former event’s disturbance can be seen as the background 
condition of the latter event. Thirdly, this model is a 1-D 
model, which can only partly reflect the physical picture of 
the disturbance’s propagation. The simplified 1-D redial 
magnetic field makes the evolution equations degenerate 
into HD equations. However, the occurrence of actual proc-
esses is controlled by MHD equations. If 2-D or 3-D simu-
lation and the changes of the normal magnetic field are con-
sidered, the reliability of this model would be improved. All 



1058 ZHANG Ying, et al.   Chinese Sci Bull   April (2010) Vol.55 No.11 

these deserve future consideration. 
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