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+ 1988: Georgiadou and Kleusberg “On carrier signal multipath effects in relative
GPS positioning”

« “extreme multipath interference can render useless GPS observations for
precise positioning applications”

GNSS-R Interference patterns from a planar
surface below an antenna had a distinct
frequency related to the height of the antenna
above the surface.

| efcieledof
§82F83

Figure 2: Satellite poler plot, Dec. 14, 1986, 13:30-13:40 UT

1986 (~4)
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ATO1 - St. Michael, AK 2/9 to 2/17, 2024
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+ 2017: Larson et al. 10-year comparison at Friday Harbor, Washington, between
a GPS-IR analysis and collocated tide gauge (350 m SE) showed daily
averages to be in agreement at the 2-cm level

SCO02 (Friday Harbor) GPS
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My Start with GNSS-R
Shelter Cove, CA RECON
December 1-4, 2022
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Shelter Cove, CA
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Shelter Cove GNSS-R Data

Shelter Cove GNSS-R

BDS L2
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Going Forward
\

Algorithm Development — (Strandberg INVSNR)
* 2.0 Kalman Filter latency 15 min.
* Quality Control / Quality Assurance

*

*

Low Power setup with real-time communication

*

Automated near real-time processing with data access

*

Address NWLON Gaps with ACORN
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Anchorage, AK 99507
Phone: (907) 561-0136

: JOA Surveys, LLC ot oo e 0
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Current Water Level Readings for St. Michael, Alaska (AT01)

25 derived using GN. v ® Gauge#l
@ Predicions

B

Water Level (meters)

« ATO1 St. Michael w0

-

Home  AboutJOA  News & Articles verience  GPS and Surveying  Hydrographic Surveyi J: um Determination ~ Water Level

Contact  JOA Projects M y e Map

2020 SNR GPS Only
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ATO1 - St. Michael, AK 2/9 to 2/17, 2024

—SNR

2/9 10 /11 A/12 2/13 /14 2/15 2/16 | 1 4/18

| 2020 SNR GPS Only
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ATO1 - St. Michael, AK 2/9 to 2/17, 2024
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ATO1 - St. Michael, AK 2/9 to 2/17, 2024

| | i ——SNR
! —INVSNR

0 T | r A
2/9 10 11 12 2/13 2/14 2/15 2/16 1 IL 2/18
| Il

1

Combining data from different GNSS systems enhances spatial
and temporal coverage => increased precision.
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meters above mean

-1.5

St. Michael GNSS-R
---5t. Michael INvsNR !
—Unalakleet (NOAA Tide Station)

= i i ;
Feb 81, 2021 Feb 05, 2021 Feb 09, 2021 Feb 13,2021 Feb 17,2021 Feb 22, 2021
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Unalakleet
NWLON Station
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St. Michael NGS
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Nome 2/13-2/20

—NWLON
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Nome 2/13-2/20

—GNSS-R
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Nome 2/13-2/20

NOME Harbor 2/20/24

—NWLON -—GNSS5-R
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meters

l | 1 | 1
Oct 06, 2023 Oct 07, 2023 Oct 08, 2023 Oct 09, 2023 Oct 10, 2023
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http://35.160.34.69:3000/d/e1b71fce-6a58-405e-9533-f44cf593b02b/gnss-r-water-levels?orgId=1
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: Public Users
Field
N

/ = AWS Cloud \
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Data ERDDAP
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File type
conversion/standardization

\ Data Processing } > {Data Storage]/
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AOOS aulf of Alaska Data Portal A Ecaclog @map -  *oataviewsff]l-  ©@vownioads[f]  @settings - Ashore  @Help~  Feedback

g System (A00S)

8 autoscale  Timebin:all[Auto v| |

8
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Going Forward
\

Algorithm Development — (Strandberg INVSNR)
* 2.0 Kalman Filter latency 15 min.
* Quality Control / Quality Assurance

*

*

Low Power setup with real-time communication

*

Automated near real-time processing with data access | v

*

Address NWLON Gaps with ACORN
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* ACORN — Alaska's Continuously Operating Referenc

Peter Flint - Sitka SKAA GNSS
State of Alaska i | Cordova CDVA GNSS
Department of Natural Y ﬁi';iah mii gz::
Resources (3:30 Today) Angoon e EEe

Tenakee Springs TNKE GNSS

% JOA Surveys, LL |
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https://storymaps.arcgis.com/stories/72e4d646b51a4c56bddcc0ecc9f16ecd
https://portal.ct.gov/-/media/DOT/documents/AEC/Const_Inspection/ACORN_FAQ.pdf

‘

Whittier WHTR GNSS-R

Site Considerations

CRG1 GNSS-R
Wrangell WRGL GNSS-R

OA Surveys, LLC
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1]

Power
Obstructions
Security

Data Transfer
Stability
Maintenance

GNSS-R



GNSS-R & 9450522 Tide 11/10-12/12

Craig has been identified as an
NWLON coverage gap despite
Tsunami Tide Gauge 9450522.

AWS GNSS-R Processing 2/08-2/21 AZ 265 -60 ELEV 3-15

OA Surveys, LLC
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) 11/08 to 12/10 2023
: M

Residual Plot

11/28 0:00 to 12:00 Plot

08:00 10:00
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CRG1 GNSSR - 9450522 MWW.L Resiaue
11/08 to 12/10 2023

42%
74%
92%
99%

<-0.08 (-0.08, -0.06] (-0.06, -0.04] (-0.04, -0.02] (-0.02, 0.00] (0.00, 0.02] (0.02, 0.04] (0.04, 0.06] (0.06, 0.08]
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GNSS-R & Predicted Tide 11/22 - 12/01

Isprh
—predicted tide inverted
—rh

o

AWS GNSS-R Processing 2/08-2/21 AZ 155 -345 ELEV 3-10
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945 1204 Wrangell Alaska

945 1204 Wrangell, Alaska

Bench Mark Elevation Information

Stamping or Designation

NO 61954

NO 91971

945 1204 BMS (PID BBDGO97)  8/12/2019
945 1204 BMS (PID BBDGO7)  7/30/2013
1204 A 2001

1204 B 2001

WRGL (OPUS) 11/22-12/01

JOA Surveys, LLC

At the boundary between land and sea

MLLW
12.275
13.958
17.591
17.591

7.802
7.676
11.504

MHW

7.68
0.363
12.996
12.996
3.207
3.081
6.909

Ellip Ortho

13.740 16.601
13.679 16.540

7.622 10.484

945 1204 BM 5 )

‘‘‘‘‘‘

e

Datums for 9451204, Wrangell, AK
All figures in meters relative to MLLW

MHW: 4,595,

Showing datums for

9451204 Wrangell, AK v

57 @MHHW: 4.864

DHQ: 0.269 |



https://tidesandcurrents.noaa.gov/datums.html?id=9451204

945 1204 Wrangell Alaska ﬂ ﬁ

Datum from 30 days of data in 2001

New Datum Requirements:
Recover / Refurbish benchmark network
Level tie to GNSS antenna
MWWL data for “ground truth”

Power and Communication in place 1R gfi
NOAA'’s acceptance of tide data for NWLON -2 || | 1/ i 1 ¥ |

ﬁ JOA Surveys, LLC - ‘
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https://tidesandcurrents.noaa.gov/datums.html?id=9451204

Going Forward
\

Algorithm Development — (Strandberg INVSNR)
* 2.0 Kalman Filter latency 15 min.
* Quality Control / Quality Assurance

*

*

Low Power setup with real-time communication

*

Automated near real-time processing with data access |

*

Address NWLON Gaps with ACORN  [£

% JOA Surveys, LLC
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L ow Power

Components

Simple RTK 3 (Septentrio Mosaic) GNSS Receiver W|th Ethernet
Sierra Wireless Cell Modem

Tallysman Veraphase 6000 GNSS Antenna ~J %7—‘ | om

ChatGPT Power Consult

| have a Septentrio Mosaic Go with power consumption of 06 W typical and 11 W max. | need to
deploy itin Buras, LA from Jan. 20 to May 31. | plan to use an 18 Amp Hour 12 Volt Sealed Lead
Acid Battery and a 20 Watt Solar panel to recharge the battery. Will this work?

Power Requirements
GNSS 0.6 W typical 1.1 W Max
Cell Modem 2 W

@ chatePT
Alright, let's recalculate the energy availability with the new parameters: a 25 Watt solar panel and
a 21 Amp Hour 12 Volt battery. We'll then discuss the optimal orientation and elevation angle for

the solar panel in Buras, Louisiana, for the period from February 1to May 1, 2024.

* The total available energy (11377 Wh) is sufficient to cover the total energy consumption of 66216
Wh for both devices over the period of February 1to May 1.
* The setup with a 21 Ah 12 V battery and a 25 W solar panel should be adequate for your needs.

Please note that solar panel efficiency can be influenced by many factors, including weather
conditions and potential shading from nearby objects. Regular cleaning and maintenance of the

panel can also ensure optimal performance.

Again, please keep in mind that these calculations are based on ideal conditions and average
consumption values. It's advisable to have a buffer in your power calculations to accommodate for

inefficiencies, environmental factors, and any unexpected increases in power usage.

Data dropouts due to power

failures. X2 on the power
JOA Surveys, LLC i

requirements for the next iteration

At the boundary between land and sea



Low Power Setup

constellation

Still need to tune these parameters

"station": "bura",
"lat": 29.350609,
"lon":-89.539937, ’
"ht":-21,
"antenna": "TWIVP6050 CONE_NONE.atx", oo oo
"peak2noise": 5, Fe, o
"chunk_days": 5, : . . . costaion

Inverted RH

us . BURA 3 hr .
"knot_spacing_hours": 3, . _W
"rhlims": [2.0, 3.0],*

"sectors": [{"elvlims": [2.0, 12.0], "azilims": [160, 340]}] % _

ISSUES: . .

Power - ..

Reflector height — Is there a lower limit? o . o .

Mountain Village — Low bank on the Yukon River — FAIL I i ! . BURA 6 hr

Buckland 3 meter bank on the Buckland River - Excellent ' -

Signal Interference o

Too many reflecting surfaces around the antenna? t .

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00
Feb 7, 2024 Feb 8, 2024 Feb 9, 2024

JOA Surveys, LLC TR
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Going Forward

\

« Algorithm Development — (Strandberg INVSNR)
* 2.0 Kalman Filter latency 15 min.
* Quality Control / Quality Assurance

* Low Power setup with real-time communication |~

* Automated near real-time processing with data access |v

*  Address NWLON Gaps with ACORN v

% JOA Surveys, LLC
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Algorithm Development

325 4.7 43.2
334 41.6 43.1
343 37.6 4.4
346 39.9 39
362 34.2
208 46.3 4.2 42.1 44.1 47.5
227 49.4 45.5 45.2 47.5 5.8
8 43.2 43.7 48.8
] 44,1 39 48.5
13 4.2
14 41.1 44.4 47.4
22 38
27 43.8 45.3 45.9
101 42.4 35.4
111 34.5 39.7
117 44.5 41.2
118 41.9 42.2

GNSS SNR Measurements

JOA Surveys, LLC
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Algorithm Development

Spectral Analysis | -
SNR data 1 RH per arc [ .
/4 2024-02-21 ?2:50 ln
INVSNR SNR from physics - SNR from the receiver = 0 . IS
Physical model to analyze SNR data i |
. . . 45+
B-spline representation of sea level over time. wwmﬁw
. . . . 40+ i w7
Nonlinear least squares fit for parameter estimation.
35._
Strandberg, J., Hobiger, T., & Haas, R. (2016). Improving GNSS-R sea level 30}
determination through inverse modeling of SNR data. Radio Science, 51(3), - 1 . | ,

Periodogram

289-301. DOI: 10.1002/2015RS005817 5 10 15 20 25

R <—— This peak in the periodogram
50 | is used to define the RH.
|

Amplitude
2 2

o o

1 2 3 4 5 6
Reflector Height (m)

JOA SU.].‘VCYS, LLC Spectral Analysis

At the boundary between land and sea
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Algorithm Development

s
3
-12
E
5
2
.
.
s o
D T .
=135
1200 1400 16:00 500 2000 2200 o000 ozao 0200
Feb 10,2024 Feb 11, 2024
Time Conter
.
o SO, e
S v . ATO01 6hr 1 Sec +Beidou
15 -k ] . e o - -
¥ . ) B x o) . o
z il i A - . s
£ o2 - " 5 b A . 2
= . o A /
. =Ty *rd 0« .
E s e . VY . . b7 - ' -
3 ¥ . . oo r e M H LI |
Ry - R, . L. . " 7 o o oe fn¥
o s o <8 . >
o 23 - N, LR < ol
- b N . / o
3 ? . .
= X, ok
AP ooy
35 % .
Feb o Feb 11 Feb 13 Feb 15 Feb 17
2024
- .
N v . ATO1 3hr 1 Sec +Beidou
Ry .
Rl
( e .
115 ok — s (5 - — -
i Q ‘ . "
. N b 3 (o N .
. o . £ L .
g, o 4 1 X o
; ‘. o ) K 3 Sl t A N S Lot b5y . . Al
. A . \ — - o g .
s oy A e = .t y N -k Tt net ! "-‘:-J-
e . 5 . PSS "y o * H ]
£ 5 < B A . R & .. P ?
e * .. Pl A - dhge,* . { i
-2 e H v e . .
- .
- A
135 -

OA Surveys, LLC

At the boundary between land and sea




Algorithm Development
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G51C-0360 Advancing Water Level Measurements through GNSS Interferometry:

Experiences, Challenges, and Innovations from JOA Surveys LLC

Nathan Wardwell, Drew Lindow, James Mitchell

11000

Example 6 Days of Data vs. Traditional Tide Gauge

= oussa Ep——

Woter Level

020000 10030000 100400 10050000 1006000 10470000

‘Gaugo Difference.

Y \ LAyl
I 1"\‘,r‘\)r.".,f“|,‘»,y M Ak 1) R |
yl[ W (W .l‘!lﬂl A \)‘V‘h".jjf\, IJ,, v,]\‘ ,\’rl't f\"\

10020000 10G30000 10040000 10050 0060000 101070000

Comparing 14 months of data

Gauge Difference

W G0i o0s  -002 | 000 002 004 G0 06

GNSSR Radar  Diff
<4237 4175 0062 ATrimble Alloy GNSS and a radar
5251 5259 0008 )

548 ssse ooos Water level sensor at the Glacier Bay

daw s 0w oo ;
74 7% % National Park fuel dock in Bartlett

742 7420 0000 Coye, Alaska. Excellent results were
9276 9212 -0.004
9756 9753 0003 achieved from an adequate foot-
0297 0297 o000
048 oss1 0001 printin protected waters.
451 a4 oon
3728 3716 00n
1136 11332 001

Example 6 Days of Data vs. Traditional Tide Gauge
Water Lvel
7000m | \ f
[ |
| | | v
wooom | [\ J v
\[ Y |
[ \ \ \
Wiem  mmee  waemm wswe e oo
~ aussa = neeece s
Gauge Diffeence
o AT A A VWY WL A g
o il ¥ Y ) N
Aﬂ 20000 1130000 11140000 11150000 17160000 1170000

= Gauge Diteence

GNSSR
HWL 10630
MHHW 0917
MHW 9392
on 8008
mTL 7.878
mst 7.846
mw 6.365
Muw 6123
DHQ 0525
o 0242
61 3753
mMN 3.027
we 5010

Mesn Sudven Range
o0 0088 o

Comparing 2 months of data

Gauge Difference

A Trimble Alloy GNSS receiver and a

MWWL  Diff

10769 0139  radar water level sensor were in-
0928 o011 )
0397 o005 stalled at the Alaska Marine High-
8040 0032 way terminal in Whittier Alaska.
7900 002

786 0o What at first appears to be an ade-
6403 0038 guate GNSS-R footprit seriously
6.177 0.054

0531 0006 reduced by the mountainous terrain
0225 -0.017 [3 Canal. The limited foo!
3707 oos In Passage Canal. The limited foot-
2994 0033 print produced usable results with
5065 0055

limited precision.

JOA Surveys, LLC

At the boundary between land and sea

BUCK «

7727

Buckland
River

3 Months of Data vs. Traditional Tide Gauge
Water Lovel
ssoom
aecam
asoom
$000m AN
sso0m

W

vy Mu"‘\ky“‘

G 0o Gne Uz O oM oS own oMn G e Gwae 1082

Gauge Difference

—

Gm o o6 wAd o ouR oM NS wE 0w GV DS Va0

- i Gauge Difference

A Septentrio Mosaic Go and a bubbler/pressure ba

level sensor were installed on the left bank of the river at Buck-
land, Alaska for 3 summer months. The river has a tide signal
but s also affected by up: d
ater events. The site shows the technique can

and exp

multiple high water
successfully capture irregular water level variations on a river.
The large footprint, calm water, and the three meter bank pro-
duced excellent results.

JOA Surveys was founded in 2003 with an ambition to
provide the highest quality water level data service in Alas-
ka and beyond. To meet the unique environmental chal-
lenges of Alaska we are continually conducting research
and development of novel water level measurement tech-
niques. GNSS reflectometry (interferometry) offers unique
advantages over traditional pressure or radar based tide
gauges that makes it particularly attractive in Alaska. The

primary benefit is that the system is capable of measuring
water level obliquely and so it can be installed in areas that
experience heavy winter sea ice and not get damaged. It
also has the unique quality of measuring water level direct-
ly relative to a global reference frame.

As the GNSS-R techni and the GNSS
have grown JOA has been working to operationalize and
validate the technique for real-world use. JOA's first expo-
sure to GNSS-R was the processing of ATO1 and PBAY, two
UNAVCO permanent GNSS sites in Alaska, using a spectral

Igoritt ping inhouse an

analysis Currently we are
improved processing algorithm based largely on the in-
verse modeling d by Joakim db

(Strandberg et al. 2016).

In the past three years we have deployed over a dozen
temporary and permanent GNSS-R sites. Along the way we
have learned that each deployment presents unique chal-
lenges and requires a carefully adjusted set of processing
parameters to achieve the best results.

The next steps include the development of a set of QA/
QC tools, refi of our Igorithm, and de-
veloping automation to provide water level data in near re-

al time.
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Frequency
H
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=)

750

5001

250

O—U.DB =0.06 -0.04 =0.02 0.00 0.02 0.04 0.06 0.08

Comparing 14 months of data
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Algorithm Development

Whittier Airport

4 ¥ ‘ Cove Cre®
Whitier
/ ) . 4
l ) b : '
' / ok A LM
-
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Algorithm Development

T e

Buckland Ellip. Hgt. Correction
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Algorithm Development

Can GNSS-R see the nonlinear response of the PAROS g
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Tide Sentinel 3
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Tide Sentinel 3

GNSS Tide Buoy: Water Levels
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GNSS Tide Buoy: Water Level Differences (TBC - CSRS)
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GNSS Satellite GNSS Satellite

Constellation Constellation Orblt Errors

Clock Errors

Signal Delay Errors
lonosphere

Lozal Errors -
ultipath

Reference
Station

Precise Point Positioning (PPP) system overview
https:/novatel.com/en-gb/an-introduction-to-gnss/resolving-errors/ppp
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GNSS Satellite GNSS Satellite
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Precise Point Positioning (PPP) system overview
https://novatel. com/en-gb/an-introduction-to-gnss/resolving-errors/ppp
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Worldwide Average Position

AXis RMS (m) 95% (m)
North 0.01 0.017
East 0.012 0.020
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Convergence Time

« 10cmin1000s
« 5cmin2000s

Derived in static and dynamic conditions
without any position filters.

*Javad J-Star PPP Spec Sheet



Going Forward 2024 GNSS-R

Algorithm Development
* Kalman Filter / Machine Learning
* 1 hour Real Time Latency
*  Knot Spacing
* Quality Control / Quality Assurance

Low Power setup with real-time communication
*  Fugro / NGS 3 sites collocated with DNR Vdatum
*  Remote Comms (Iridium / Starlink)

*  Automated near real-time processing with data access
*  Add other UNAVCO and Permanent sites

*  Address NWLON Gaps with ACORN

*  Petersburg
* TBD
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Questions
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WE THOUGHT
IT WJAS OVER.
AFTER 60 YEARS
OF STRUGGLE,
THE US SURVEY
FooT UAS DEAD
DEPRECATED BY
NIST IN 2023,

\

WE THOUGHT ARCHITECTS AND ENGINEERS
COULD REST EASY, FREE OF THE HEADACHES
OF HAVING TWO CONFLICTING DEFINMONS OF
THE FOOT THAT DIFFER BY 6l0 NANOMETERS.

INTERNATIONAL FOOT: 0.304 800000 m
US SURVEY FOOT: 0.304 800 609.-m

75 ol

WHAT CAN \JE DO!?

+/ ANiST TEAm
15 ALREADY IN
THE AR, LE
UILL CAPTURE
THE. SCOFFLAL
AND END THIS

NIGHTMARE.
\

8000 MILES AWAY |

el WE'VE REACHED
THE COORDINATES
OF THE TARGET'S
DEVICE. THERE'S

ﬁ JOA Surveys, LLC
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xkcd

A WEBCOMIC OF ROMANCE,
SARCASM, MATH, AND LANGUAGE.
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