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FIG. 12. (Color) LCSs (repelling LCS shown in red and attracting LCSs shown in blue) on the 900 mb surface for the time surrounding the “spike” in concen-
tration at 14:00-15:00 UTC on 1 May 2007. (a) 12:00 UTC on 1 May 2007, (b) 15:00 UTC on 1 May 2007, and (c) 18:00 UTC on 1 May 2007. The gray region
represents a hypothesized air mass of high Fusarium spore concentration “sandwiched” between two repelling LCSs. The corresponding schematic is shown
below in (d)-(f) (cf. Fig. 6). The open circle is the sampling location at Kentland Farm. The filled circle in (a)-(c) represents the portion of the air mass sampled

at 15:00 UTC on 1 May 2007.

unrealistic to verify because of small uncertainties in the ve-
locity data and interpolations. Therefore, we made two sim-
plifications. First, we tracked the position of attracting and
repelling LCSs at 15 min intervals. This provides the needed
temporal resolution as sampling events are typically 15 min
long. Second, we represented our sampling station not by a
single point, but by a circle with a diameter of 10 km which

is of the order of the data grid size and the thickness of the
ridges in the FTLE field. An LCS is considered to have
passed the sampling point at Kentland farm within these 15
min if it lies on either side of the center of the circle or in the
interior and exterior of the circle at the end points of the time
interval. Attracting LCS that is passing through any point in
the circle at the sampling time is regarded to pass through

(a) (b)

FIG. 13. (Color) The thick blue curve in the figure is an attracting LCS, the thin curves embedded within this attracting LCS are the sharpest ridges in the
FTLE field. The red, grey, and green sets indicate air sampled at (a) 17:15, (b) 19:00, and (c) 20:30 UTC, respectively. When the attracting LCS passes over
the sampling point, this Fusarium laden air mass is sampled twice, at 17:15 UTC and 19:00 UTC. After the attracting LCS moves past the sampling point, the
air mass sampled at 20:30 UTC (green colored set) has a low concentration of Fusarium. Note, this figure is on a smaller scale than Fig. 12.
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TABLE III. Contingency table for hypothesis H; for 24 h time scale.

Chaos 21, 033122 (2011)

TABLE V. Contingency table for hypothesis H; for 24 h time scale.

Punctuated change has occurred (AC),)
Repelling LCS passed over

Punctuated change has occurred (AC),)
Attracting or repelling LCS passed

Kentland farm (L) Yes No over Kentland farm (L) Yes No
Yes 11 14 Yes 13 23
No 5 43 No 3 34

the sampling point at Kentland farm. These two simplifica-
tions are also motivated by the fact that the atmospheric LCS
has a finite thickness. At a representative speed of 10 m/s,
points on an LCS can travel about 9 km in 15 mint which is
about the diameter of the sampling circle. The time interval
is, therefore, necessary and sufficient enough to track the
movement of LCS into or out of the sampling circle. The
results of LCS passage over the sampling circle preceding,
during and after the sampling are shown in Tables IX and X.

V. RESULTS

Detailed results are shown here on the movement of
LCSs associated with punctuated changes for the two sample
sets shown in the insets of Fig. 4. Consider first the right
inset, covering the 30 April 2007 to 2 May 2007 time frame.
Concentrations of Fusarium on 30 April 2007 at 14:00 and
15:00 UTC were approximately 0.8 and 0.4 spores/m3,
respectively, which are within the normal range of the con-
centration of atmospheric Fusarium. Further the samples
taken on 30 April 2007 did not contain strains of Fusarium
graminearum that produce the mycotoxin NIV.>® The sam-
ples collected on 1 May 2007 at 14:00 and 15:00 UTC
showed Fusarium concentration of 12.3 spores/m’ and 7.2
spores/m3, respectively. Moreover, the sample collected at
14:00 UTC contained a strain of F. graminearum that pro-
duced NIV.>° Further sampling at 20:15 UTC showed a Fu-
sarium concentration of only 2.1 spores/m3. We suggest
these punctuated changes in the concentration of Fusarium
can be explained by the action of repelling LCSs (hypothesis
Hj,), as shown schematically in Fig. 6.

Fig. 12 shows the atmospheric LCSs present during the
time surrounding the “spike” in concentration around 14:00-
15:00 on 1 May 2007, with repelling LCS in red and attract-
ing LCS in blue. Air masses of significantly different con-
centration of Fusarium are sandwiched between two closely
spaced repelling LCSs. The passage of these LCS one after
the other in quick succession is associated with the punctu-
ated changes and hence the “spike”. The details of this punc-
tuated change are reported in more detail in Ref. [50]. We
note that there are other weak attracting and repelling LCSs
between the two strong repelling LCS, which were filtered

TABLE IV. Contingency table for hypothesis H;, for 24 h time scale.

out. In our computations, we observe small filaments and
lobes formed by weak repelling and attracting LCSs which
are ubiquitous in the atmosphere. While we ignore these
small scale structures as transport barriers, we note that these
are responsible for mixing and homogenizing the composi-
tion of air between the large scale LCSs.”®

A punctuated change that we suggest can be explained
by hypothesis Hy, occurred on 16 September 2006, the sam-
ple data for which was shown in Fig. 4, left inset. The air
sample collected on 16 September 2006 at 17:15 and 19:00
UTC had a Fusarium concentration of 16.2 and 14.8
spores/ m”. The three sets that were sampled at these times
are shown in Fig. 13. In this case, the attracting LCS acts as
an atmospheric highway along which Fusarium is trans-
ported along. Thus, in Figs. 13(a) and 13(b), when the
attracting LCS is on the sampling point the sampled air con-
tains a high concentration of Fusarium, and once the attract-
ing LCS moves away from the sampling point, the sampled
air has a low concentration of Fusarium. Compare with the
schematic shown in Fig. 7.

Similar to the computations for the preceding two cases,
attracting and repelling LCSs were computed on a 900 mb
pressure surface for time intervals surrounding the 73 sam-
ples (Tables IX and X) which met the criteria for our analy-
ses. The spore concentration calculations and the
determination of punctuated changes for these samples are
shown in the Appendix. Of the 73 samples, 16 show punctu-
ated changes in the concentration of Fusarium on a 24 h
timescale. We used the contingency tables to test each of our
hypotheses Hy, H;,, and H;. The contingency table for test-
ing hypothesis Hy; is shown in Table III. The p-value for the
data in Table IV corresponding to the hypothesis H;; on a 24
h time scale is 0.0017. The sensitivity of the test for H;; is
0.6875 and the specificity of the test is 0.7544. From this we
can infer that punctuated changes were significantly associ-
ated with the movement of a repelling LCS. The correlation
between the repelling LCS and punctuated changes using
Eq. (10) is ¢,; = 0.3852. The low two-way correlation ¢,
reflects the fact that the test has a low specificity, since many
repelling LCS cross the sampling point without implying any
punctuated changes.

TABLE VI. Contingency table for hypothesis Hy; for 12 h time scale.

Punctuated change has occurred (AC),)

Attracting LCS passed over

Punctuated change has occurred (AC),)

Repelling LCS passed over

Kentland farm (L) Yes No Kentland farm (L) Yes No
Yes 6 16 Yes 7 6
No 10 41 No 5 41
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TABLE VII. Contingency table for hypothesis Hy, for 12 h time scale.
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TABLE VIII. Contingency table for hypothesis H; for 12 h time scale.

Punctuated change has occurred (AC),)
Attracting LCS passed over

Punctuated change has occurred (AC),)
Attracting or repelling LCS passed

Kentland farm (L) Yes No over Kentland farm (L) Yes No
Yes 5 12 Yes 10 16
No 7 35 No 2 31

The contingency table for testing hypothesis Hj, is
shown in Table IV.

The p-value for the data in Table IV corresponding to
the hypothesis Hj, on a 24 h time scale is 0.3313. The sensi-
tivity of the test for Hy, is 0.3750 and the specificity is
0.7193. The low sensitivity means that punctuated changes
occur without the passage of attracting LCS over the sam-
pling point, but the high specificity means that whenever an
attracting LCS does pass the sampling point, the chance of a
punctuated change occurring is high. The two-way correla-
tion between the attracting LCS and punctuated changes
using Eq. (10)is ¢, = 0.085.

For the combined hypothesis Hj, the contingency table
is given in Table V.

The p-value for the data in Table V corresponding to the
hypothesis H; on a 24 h time scale is 0.0039. The correlation
for hypothesis H; is ¢ = 0.3384 with a sensitivity of 0.8125
and specificity of 0.5695. An inspection of the data shows
that the low correlation and specificity is because of the high
value of ny, i.e., there are many repelling and attracting LCS
which pass the sampling region without being associated
with punctuated changes, but conversely, most punctuated
changes are due to the passage of either a repelling or an
attracting LCS. The high p-value (0.3313) for hypothesis H;,
means that we cannot reject the null hypothesis for this case,
despite the high value of specificity. When we consider the
hypotheses for the repelling LCS (H;;) and combined LCS
(H;), the high sensitivity and low p-value allow us to reject
the null hypothesis Hy, for the 24-h time scale. We repeat the
same calculations for the 12 h time scale below.

For the data in Table IV corresponding to the hypothesis
H;;, on a 12 h time scale, p=0.0022, the sensitivity is
s, =0.5833, and the specificity is s; = 0.8723. For the data in
Table VII corresponding to the hypothesis Hi; on a 12 h
time scale, p =0.2245, s, =0.7447, and s, =0.4167. For the
data in Table VIII corresponding to the hypothesis H; on a
12 h time scale, p=0.0027, s, =0.8333, and s; =0.6596.
The high p-value (0.2245) for hypothesis H,, means that we
cannot reject the null hypothesis for this case, despite the
high value of specificity. When we consider the hypotheses
for the forward LCS and combined LCS, the high sensitivity
and low p-value allow us to reject the null hypothesis Hy for
the 12 h time scale as well.

VI. CONCLUSIONS AND FUTURE WORK

We have outlined a geometric framework of ATBs, which
the evidence suggests are associated with punctuated changes
in atmospheric concentrations of viable microorganisms of the
genus Fusarium, collected with autonomous UAVs. Our au-
tonomous UAV sampling scheme (consistent airspeed, sam-

pling pattern, and altitude throughout the sampling missions)
provides us with a robust measure of the aerial concentration
of Fusarium, suggesting that any variation in the concentration
is attributable to factors other than the accuracy of the sam-
pling regime (e.g., an association with atmospheric structures).
ATBs were identified with attracting and repelling LCSs
obtained from trajectory computations using meteorological
data in an equation-free manner. An analysis of the FTLE field
for periods surrounding the collection of Fusarium with UAVs
showed that punctuated changes in the concentration of Fusar-
ium were associated with the movement of repelling LCS.
While the concept of transport barriers have been applied in
earlier works to study transport in the upper atmosphere'> and
lobe dynamics in hurricanes,'” to our knowledge this is the
first detailed application of the application of LCS to study
meso- to synoptic-scale transport and punctuated changes of
concentration of a microorganisms in the lower atmosphere.
This work also sets a framework for the study of transport of
arbitrary tracers in the oceans and the atmosphere, in particu-
lar, the punctuated changes of tracer concentration.

To summarize the results of the hypothesis testing, our
analysis suggests that punctuated changes in the atmospheric
concentrations of Fusarium are associated with the move-
ment of LCSs, and particularly repelling LCSs, in a one-way
correlation. That is, when a punctuated change occurs
between two sampling times, there is a high probability that
a repelling LCS passed over the sampling location between
the two sampling times. We are not suggesting a two-way
correlation, i.e., the movement of every repelling LCS does
not lead to a punctuated change. There are two potential
explanations for this. First, the chaotic nature of atmospheric
flow ensures that many trajectories have a high local repul-
sion. Second, we did not discriminate between ridges in the
FTLE field of high and low magnitude above the threshold.
It is possible that the magnitude of punctuated changes can
depend on “repelling strength” of the repelling LCS, e.g., the
repulsion ratio defined by Haller.** Furthermore, the results
of our hypotheses testing and the p values are influenced by
several parameters: the time-scale used to determine punctu-
ated changes, (12 or 24 h), the baseline concentration of
spores, the threshold value of AC which determines whether
a change is significant, and the threshold value for the FTLE
field, o0,,, Future studies are expected to systematically
investigate the influence of these factors.

Further analyses of the cultures of Fusarium collected
during the sampling missions analyzed as part of this work
will help identify the population structure of the Fusarium
in each of the samples. This will allow us to consider not
just total concentration of spores in the Fusarium genus, as we
considered here, but to resolve down to the level of individual
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species. Each species becomes an independent bio-tracer in ~ ACKNOWLEDGMENTS
the atmosphere and will allow more rigorous testing of the
ATB hypotheses. Moreover, future studies with UAVs at mul-
tiple, well-spaced, geographic locations may help resolve the
spatial variations in the punctuated changes. This will also
help to test if the “strength” of an LCS has any correlation
with the magnitude of the punctuated changes.

For the present study, we did not consider the reasons
why punctuated changes in Fusarium would be associated
with ATBs. Further investigation of the conditions which
give rise to this association will be forthcoming. It is hoped
that the ATB hypothesis will eventually translate into predic-
tive power, finding useful applications in forecasting the
movement of invasive airborne microbes. Ideally this
method could contribute to existing information systems for
pest management and disease control, such as the integrated
pest/management and pest information platform for exten-
sion and education (IPM PIPE)’”*® and the North American
Plant Disease Forecasting Center.”’ Finally, while we have
focused only on the punctuated changes in the concentration This appendix provides, in Tables IX and X, the data on
of Fusarium, our hypotheses are more generally applicable concentration of atmospheric Fusarium spores (in spores/ m?),
and could be applied to other microorganisms and chemical the date and time at which the sample was collected, and the
pollutants in the atmospheres and oceans. categorical variables as described in Sec. III C.
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APPENDIX: SPORE CONCENTRATION DATA

TABLE IX. Data on concentration of Fusarium in samples collected with UAVs 100m above ground level at Virginia Tech’s Kentland Farm and passage of LCSs.

Date Time (UTC) C AC AC/C Punctuated change Repelling LCS Attracting LCS
9/16,/2006 17:15 16.19906 — —

9/16/2006 19:00 14.81614 —1.38292 -0.085370644 N N Y
9/16/2006 20:30 8.783851 —6.03229 -0.407143011 Y N Y
9/29/2006 22:35 6.145202 — —

9/30/2006 15:10 1.30206 4.84314 —0.788117632 Y Y N
9/30/2006 15:50 9.639299 8.337239 6.403114837 Y N N
10/8,/2006 14:45 0.484678 — —

10/8,/2006 15:30 3.734943 3.250265 6.706030724 Y N Y
10/9/2006 20:35 3.014947 -0.72 -0.192773077 Y Y Y
10/9/2006 21:15 1.65812 —-1.35683 -0.450033322 N N N
10/9/2006 22:00 3.377004 1.718884 1.036646101 N N N
10/21/2006 12:00 1.09637 — —

10/21/2006 19:15 1.3284 0.23203 0.211634615 N N N
11/10/2006 15:50 1.814305 — — N Y N
11/10/2006 16:25 0.329732 —1.48457 -0.818259854 N N N
11/10/2006 21:25 1.805832 1.4761 4.476664004 N N Y
11/10/2006 21:55 4.099233 2.293401 1.269997166 Y N Y
11/11/2006 17:05 1.719432 —2.3798 —0.580547826 Y Y Y
11/11/2006 18:20 2.742224 1.022792 0.594842838 N N N
11/24/2006 20:40 0.342483 — —

11/25/2006 16:45 0.340983 -0.0015 —-0.004379366 N Y Y
11/25/2006 17:15 0.342708 0.001725 0.005060047 N N Y
11/25/2006 17:45 0 -0.34271 -1 N N N
11/25/2006 18:30 0 0 — N Y N
11/25/2006 20:00 0 0 — N N N
11/25/2006 20:30 0.341449 0.341449 — N N N
4/30/2007 14:15 0.864954 — —

4/30/2007 15:00 0.427646 -0.43731 —0.505585562 N Y N
5/1/2007 14:00 12.32774 11.9001 27.82699456 Y Y Y
5/1/2007 15:00 7.206588 -5.12116 -0.415417151 Y Y N
5/1/2007 20:15 2.151275 —-5.05531 —0.70148494 Y Y Y
5/1/2007 22:00 1.231439 -0.91984 —0.427577368 N N N
5/2/2007 14:00 2.152531 0.921092 0.747980822 N Y Y
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TABLE X. Data on concentration of Fusarium in samples and passage of LCSs.

Date Time (UTC) C AC AC/C Punctuated change Repelling LCS Attracting LCS
5/8/2007 18:00 2.065564 — —
5/8/2007 22:00 0.855901 —1.20966 —0.585633155 N Y Y
5/9/2007 14:00 0.42531 —0.43059 —0.503085782 N Y Y
5/9/2007 15:00 0 —0.42531 -1 N N N
5/9/2007 16:00 0.867592 0.867592 — N N N
5/9/2007 17:00 1.709266 0.841674 0.970127005 N N N
5/9/2007 18:00 0.861002 —0.84826 —0.496273798 N N N
5/9/2007 20:00 4.284671 3.423669 3.97637636 Y N N
5/9/2007 21:00 4.756824 0.472153 0.110195852 N N N
5/9/2007 22:00 1.723555 —3.03327 —0.63766688 Y Y N
5/10/2007 14:00 2.156161 0.432606 0.250996381 N Y N
5/10/2007 15:00 3.880779 1.724618 0.799855845 Y Y N
5/10/2007 16:00 1.26961 —-2.61117 —0.672846739 Y Y N
5/11/2007 18:00 0.853422 —0.41619 —0.327807705 N Y N
5/11/2007 19:00 0.8483 —0.00512 —0.006001623 N N Y
5/11/2007 20:00 1.276074 0.427774 0.504272155 N N N
5/11/2007 21:00 1.283445 0.007371 0.00577659 N N N
5/14/2007 17:15 0.855144 — —
5/14/2007 18:00 2.571325 1.71618 2.006889493 N N N
5/14/2007 19:00 2.9695 0.398175 0.154852139 N N N
5/17/2007 15:15 0 — —
5/17/2007 16:00 0 0 — N N N
5/24/2007 00:30 1.284502 — —
5/24/2007 01:30 0.501114 —0.78339 —0.609876436 N N N
5/24/2007 02:30 1.526163 1.025048 2.045537218 N N N
10/19/2009 19:48 1.549173 — — N
10/19/2009 20:40 0.860652 —0.68852 —0.444444444 N N N
11/09/2009 15:30 1.290978 — —
11/09/2009 17:35 0.21936 —1.07162 —0.830081884 N N N
11/13/2009 14:46 0.545154 0 0
11/13/2009 15:57 0.327092 —0.21806 —-0.4 N N Y
11/13/2009 17:46 0.817731 0.490638 1.5 N N Y
11/13/2009 19:09 1.144823 0.327092 0.4 N N Y
11/16/2009 14:41 0 — —
11/16/2009 15:45 0.109031 0.109031 — N N Y
11/16/2009 18:23 0.654184 0.545154 4999999998 N N N
11/16/2009 19:45 3.598014 2.94383 4.500000001 Y Y N
11/17/2009 15:50 0.436123 —3.16189 —0.878787879 Y Y Y
11/17/2009 16:45 0.109031 —0.32709 —0.75 N N N
11/17/2009 17:45 0.109031 0 0 N N N
01/14/2010 18:30 0.327092 — —
01/14/2010 19:45 0.327092 0 0 N N N
01/15/2010 15:35 0.218061 —0.10903 —0.333333333 N Y N
01/15/2010 16:40 0.436123 0.218061 1 N N N
03/09/2010 16:11 1.090307 — —
03/09/2010 17:53 0.332713 —0.75759 —0.694844776 N Y Y
03/09/2010 19:06 0.816995 0.484282 1.455555555 N Y Y
03/10/2010 14:29 0.24985 —0.56715 —0.694184414 N Y N
03/10/2010 15:35 1.204633 0.954783 3.821428572 N N N
03/10/2010 16:30 0.687087 —0.51755 —0.42962963 N N N
03/10/2010 18:00 0.437237 —0.24985 —0.363636364 N N N
03/10/2010 19:00 0.812012 0.374775 0.857142857 N N N
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