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México
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Abstract: Neutron monitors have reported the observation of a Forbush decrease on March 7, 2012. VAMOS,
an engineering array built for the HAWC (High Altitude Water Cherenkov) Observatory, was operational at that
time. This array was composed of six water Cherenkov detectors located at the HAWC site near the volcano
Sierra Negra in Mexico. VAMOS had two data acquisition (DAQ) systems, one designed to readout full air
shower events (Main DAQ) and the other designed to monitor the count rates of the individual PMTs (Scaler
DAQ). We have analyzed data from both the Main DAQ and the Scaler DAQ systems. We present a comparison
between the observation of this transient event in VAMOS and neutron monitor detectors located in Mexico City
and the South Pole. We also describe the necessary corrections in the count rates due to atmospheric effects.
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1 Introduction
Decreases in the cosmic-ray count rate which last typically
for about one week, were first observed by Forbush (1973)
[1] and Hess and Demmelmair [2] using ionization cham-
bers. There are two basic types of Forbush decreases. ’Non-
recurrent decreases’ are caused by transient interplanetary
events (shock and ejecta) which are related to mass ejec-
tions from the Sun. They have a sudden onset, reach a max-
imum depression within about a day and have a more grad-
ual recovery. ’Recurrent decreases’ have a more gradual
onset, are more symmetric in profile, and are well associ-
ated with co-rotating high speed solar wind streams. The
amplitude of the daily variation for cosmic rays observed
in neutron detectors generally increases during the recov-
ery phase of a Forbush decrease due to the presence of
the anisotropy caused by the transient interplanetary struc-
ture propagating beyond the Earth’s orbit, which produces
a decrease of cosmic ray flux arriving from that direction
[3]. In the next sections we explain how to correct the data
from the two DAQ systems from the VAMOS array by at-
mospheric pressure in order to observe a Forbush decrease
that occurred on March 7, 2012 in coincidence with the
neutron detector from the Cosmic Ray Observatory locat-
ed at UNAM and the McMurdo station at the South Pole.

2 The High Altitude Water Cherenkov
Observatory

The HAWC observatory is a facility designed to observe
TeV gamma-rays and cosmic-rays with an instantaneous
aperture that covers more than 15% of the sky. With this
large field of view, the detector will be exposed to half of
the sky during a 24-hour period. HAWC is under construc-
tion by a collaboration of scientists from Mexico and USA
at Sierra La Negra volcano near Puebla, Mexico, at an al-
titude of 4100 m a.s.l. When completed, HAWC will con-
sist of 300 water Cherenkov detectors (WCDs) of 7.3 m in

Fig. 1: The HAWC observatory site at 4100 m a.s.l. This
picture shows 106 tanks constructed by May 16, 2013. It is
also showed the 6-tanks engineering array VAMOS at the
left of the picture.

diameter by 4.5 m depth with a light tight bladder and 3
peripheral and 1 central photomultiplier tubes (PMTs) fac-
ing upwards from the bottom each. It will survey the sky
in search of steady and transient gamma-ray sources in the
0.1-100 TeV energy range.

2.1 The VAMOS array
An engineering array of six tanks, called VAMOS (Verifi-
cation And Measuring of Observatory Systems), was built
on site. Six of the tanks were filled with filtered water and
instrumented with 4 to 7 PMTs per tank. Engineering data
have been collected with 6 tanks. Continuous operation of
VAMOS started in Sept 29th, 2011 and finished operation
in March 2012. The VAMOS array was installed aside the
HAWC site. See Figure 1.

2.2 Operation principle
Relativistic charged particles from extended air showers o-
riginated by primary cosmic-rays produce Cherenkov radi-
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Fig. 2: The Cherenkov effect in Water Cherenkov Detec-
tors.

ation as the air shower cross the WCDs. Cherenkov radia-
tion is emitted at a precise angle θc with respect to the par-
ticle trajectories and it is detected by photomultiplier tubes
at the bottom of the tank. See Figure 2.

2.3 The Main DAQ system
HAWCs primary DAQ system records individual events
produced by air showers which are large enough to simul-
taneously illuminate a significant fraction of the HAWC ar-
ray. In the simplest approach, depending on the number of
hit PMTs during a given time window (trigger condition), a
trigger will be issued and sent to time-to-digital converters
(TDCs). The TDCs store the measured times of the PMT
pulses occurring close to the trigger time. The data of each
issued trigger are called an event. The event data record-
ed will consist of time stamps of the leading and trailing
edges from the discriminated PMT pulses. The PMT puls-
es are discriminated in 2 thresholds; the lowest one set to
1/4 photon-electron (resulting in 2-edges hits) and the high-
est one set to 5 photon-electrons (resulting in 4-edges hit-
s).

2.4 The Scaler DAQ system
During regular operations, the counts in HAWCs PMTs
are due to cosmic-ray air showers, naturally occurring ra-
dioactivity near the PMTs and thermal noise in the PMTs.
By monitoring PMTs at the lowest threshold (>1/4 photo-
electron), this system can be used to cross-check the prop-
er functioning of the detector and to monitoring the sec-
ondary cosmic-rays background. The solar activity must be
detectable by measuring this background. All PMTs puls-
es occurring above the lowest theshold are counted in 10
ms time windows.

3 Count rate corrections
This section describes the correction process done on the
count rates (Main DAQ and Scaler DAQ systems) from
March, 2012. We focus on the detection of the Forbush de-
crease that started on March 7, 2012 and lasted about t-
wo weeks. The first step is to deduce the relationship be-
tween the count rate and the variations of atmospheric pres-
sure. To do that we have chosen a period where the data
were stable (not affected by the Forbush decrease). This
period is from March 24, 2012 to March 28, 2012. We
then averaged the raw data from a system of sensors that
record the atmospheric pressure and temperature, Scaler

Fig. 3: Relationship between the count rate for the Scaler
DAQ channel 10 and the atmospheric pressure.

Fig. 4: Relationship between the count rate for the Main
DAQ channel 39 and the atmospheric pressure. Here the
count rate is the number of 2-edge hits per second.

and Main DAQ systems in periods of 10 minutes. It is
worth to mention that quality cuts were applied to the data
from the system of sensors and the DAQ systems. Exam-
ples for this relationship are the Figures 3 for Scaler DAQ
system and 4 and 5 for Main DAQ system, where there
is an anti-correlation between the count rate and the atmo-
spheric pressure. Note that the atmospheric pressure axis
was inverted to make this anti-correlation more evident.

After consider three sub-periods of these data (daytime,
nighttime, all day time) it turned out that the relation be-
tween the count rate and the atmospheric pressure is linear
and inverse, and the best sub-period to see this was night-
time. This relationship is showed at Figures 6 and 7 and
8 for the Scaler and the Main DAQ systems respectively.

A general explanation of this relationship is the nex-
t: The atmospheric pressure indicates the quantity of mat-
ter (air) is above the detector. When the atmospheric pres-
sure increases, the quantity of matter passed by the sec-
ondary particles also increases, resulting that a larger quan-
tity of these particles been absorbed. When the atmospher-
ic pressure decreases, the quantity of matter passed by the
secondary particles also decreases, resulting in more sec-
ondary particles get the detector.

Knowing that the relation between these variables is
linear and anti-correlated we proceed to correct the count
rate by pressure. Then, the second step is to calculate the
parameters (slope and constant) for the line that fits in the
count rate and the pressure plot for the nighttime data. This
relationship is characterized by the Formula 1, where the
parameters a and b were measured for each channel.

RP = a∗P+b (1)

with

RP = count rate due to atmospheric pressure
= [hits/10 ms]
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Fig. 5: Relationship between the count rate for the Main
DAQ channel 35 and the atmospheric pressure. Here the
count rate is the number of 4-edge hits per second.

Fig. 6: Count rate vs atmospheric pressure for the Scaler
DAQ channel 10. Both, the linear correlation coefficient (r
∼ -0.849255) and the fact that the two variables fit in a
line with a negative slope indicate a strong, inverse, linear
relationship between both observables.

a = fit slope

= [hits/10 ms][g/cm2]
−1

P = atmospheric pressure

= [g/cm2]

b = fit constant
= [hits/10 ms]

The errors on the fit slope and intercept parameters are in-
dicative of the quality of the procedure to correct the count
rates to remove variations due to atmospheric pressure. A
total of 26 PMTs for the Scaler DAQ system and 20 PMTs
for the Main DAQ system showed errors in this step lower
than 7 %. The remaining PMTs were either off or did not
registered any rate variation. The third step is to correct the
data for the whole month by applying Formula 2.

Rcorr = Runcorr −RP+< Runcorr > (2)

with

Rcorr = Count rate corrected by pressure
= [hits/10 ms]

Runcorr = Count rate not corrected by pressure
= [hits/10 ms]

This procedure is done channel by channel for both DAQ
systems.

4 Comparison between the VAMOS array
and neutron monitors

Neutron detectors monitors are routinaly used to monitor
Forbush deceases around the world. In particular, the un-

Fig. 7: Count rate vs atmospheric pressure for the Main
DAQ channel 39. Here the count rate is the number of 2-
edge hits per second. Both, the linear correlation coefficien-
t (r ∼ -0.899789) and the fact that the two variables fit in a
line with a negative slope indicate a strong, inverse, linear
relationship between both observables.

Fig. 8: Count rate vs atmospheric pressure for the Main
DAQ channel 35. Here the count rate is the number of 4-
edges hits per second. Both, the linear correlation coeffi-
cient (r ∼ -0.710874) and the fact that the two variables
fit in a line with a negative slope indicate a strong, inverse,
linear relationship between both observables.

derstanding of the modulation of cosmic rays with ener-
gies larger than 1 GeV arriving at Earth is significally im-
proved by observations from neutron monitor networks [4].
Two coronal mass ejections (CMEs) propelled reached the
Earth on March 7, 2012. The first was traveling faster than
812 km/s while the second with more then 687 km/s. The
results presented in this section include count rates correct-
ed exclusively by atmospheric pressure as done costumar-
ily [4], [5], [6] and [7]. The resulting corrected count rate
still shows a residual 12 hour cycle modulation because of
they were not corrected by atmospheric temperature given
that the temperature sensors were placed incorrectly. Giv-
en that the VAMOS array was not operating before March
8, 2012 we were not able to see the instant when the shock
arrived to earth and when the count rate dropped because
of the ejecta arrival. Figures 9 and 10 show the results for
the averaged signal of 11 PMTs from the two DAQ system-
s of the VAMOS array, corrected by atmospheric pressure,
along with the signals from the neutron monitor located
at UNAM in Mexico City and the McMurdo station. The
comparison between the data from the VAMOS array and
both neutron monitors is showed in Figures 9 and 10 for
the Scaler DAQ system and the Main DAQ system, respec-
tively. Even though there is an excellent agreement in the
count rate variations, it is important to keep in mind that
the two kinds of experiments detect different kinds of parti-
cles because they use different detection principles. While
the VAMOS array detects the hadronic, muonic and the
electromagnetic components of the extended atmospheric
shower, the neutron monitors (NM64) detect only neutron-
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Fig. 9: Comparison between the averaged count rates corrected by atmospheric pressure for the Scaler DAQ system at
the VAMOS array in blue (magnetic rigidity cutoff 9 GV), the Mexico City Cosmic Rays Observatory in black (magnetic
rigidity cutoff 8.2 GV) and the McMurdo station in brown (magnetic rigidity cutoff 0.3 GV).

Fig. 10: Comparison between the averaged corrected by pressure count rate for the Main DAQ system at the VAMOS
array, in blue for the sum of 2-edge and 4-edge hits, in magenta only for 2-edge hits and in green only for 4-edge hits
(magnetic rigidity cutoff 9 GV), the Mexico City Cosmic Rays Observatory in black (magnetic rigidity cutoff 8.2 GV)
and the McMurdo station in brown (magnetic rigidity cutoff 0.3 GV).

s from the hadronic component. One also can see the ef-
fect of the magnetic rigidity cutoff on the magnitude of the
count rate drop which is different according to the latitude
where the experiments are located.

5 Conclusions
We have analyzed data from the VAMOS array of the
HAWC Observatory taken during the occurrence of the
Forbush decrease that occurred on March 2012. These da-
ta covered a period of 23 days. There is an excellent simi-
larity between the variations in the count rate detected by
the VAMOS array, using the Scaler DAQ system and the
Main TDC-based DAQ system, and two neutron detector
monitors, one located in Mexico City and the other in the
South Pole.
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