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Motivation
• NOAA’s National Geodetic Survey will use a 

geoid model to define the future height system 
of the United States, NAPGD2022

• Deflections of the vertical describe the 
absolute direction of gravity and the slope of 
the geoid

• Astronomical deflections of the vertical are a 
cost-effective way to profile the geoid where 
validation is difficult

• NGS has not performed astrogeodetic 
observations with its own equipment in over 30 
years
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A Coast & Geodetic Survey surveyor performs 
geodetic astronomy with a Wild T-4 theodolite in 1955



Motivation
• NGS plans to measure past geoid change 

in Alaska by revisiting historical leveling 
and gravity observations from the 1960s

• Leveling is prohibitively expensive to 
repeat

• Deflections of the vertical can achieve 
comparable geoid profile accuracy with 
more spacing between measurements

• Revisiting historical astronomical sites 
may also reveal relative change of ~0.2''  

Predicted differential 
DoV change

~0.2''

Modeled total vertical deflection change (1954-2020)

Hardy et al. (2021, in prep.)



Leica TS60 Robotic Total Station
• NGS owns a Leica TS60 robotic total 

station

• Existing solutions exist for measuring 
astronomical positions with total stations, 
such as QDaedalus (Hauk et al., 2016) 

• QDaedalus accuracy: ±0.15"

• QDaedalus uses an external imager to 
capture data from the total station 
telescope

• The Leica TS60 has a built-in video camera
Image: Leica Geosystems



Control System
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TSACS measures astronomical latitude and longitude.


TSACS directs the Leica TS60 robotic total station to 
record video of stars with precise timing.
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Control Hardware
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Observing Procedure
• The operator orients the total station 

telescope on Polaris and starts the 
controller

• The controller sets the total station azimuth 
based on Polaris once it has a GPS fix 

• The controller selects 25 stars of 5th 
magnitude or brighter in the range of 59º 
and 61º, evenly spaced in azimuth

• The controller directs the total station to 
observe these stars with 10 fps video over 
15 minutes

TS60 with Polaris in sight Observing schedule



Data
• Two files are written to the Raspberry Pi’s 

memory during each observation:

• Telescope video file  
(110 MB, 10 fps, 15 minutes)

• 1 Hz GeoCOM serial log and observation 
metadata (~203 kB)

GeoCOM serial log

1 2

3 4

Sequence of video frames showing starlight and a 
timing light flash with rolling-shutter artifact



Solution
1. Analyze video frames to extract timing 

flashes and star positions

2. Use timing flashes register video frames 
to UT1

3. Predict horizontal and vertical star 
positions in frame as a function of time 
and location

4. Jointly fit collimation and occasional 
azimuth drift errors

5. Correct deflection components to mean 
pole
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Observation Equations

Azimuth drift



Typical Solution

• Fitting to both elevation 
and azimuth mitigates 
problems with 
observing geometry

• Strenuous outlier 
rejection applied during 
deflection solution 

• ±0.12'' formal error in 
both η and ξ

Timing Flashes Postfit Residuals (Per Frame)

SolutionStellar Brightness vs. Acceptance

Reliable observations to 5th 
magnitude or better

800+ timing flashes allow 
video timing of ±2 ms

Typical framewise postfit residuals of 
±1.0 arcsecond

Typical per-star postfit 
residuals of ±0.3 arcsecond



Validation Data
• CODIAC zenith camera observations made in 

Woodford, VA

• Dozens of historical astronomic measurements 
made in DC area. Sources:

• NGS Integrated Database (IDB)

• NASA Directory of Observation Station Locations 
(1973)

• Coast and Geodetic Survey Special Publications

• Historical sources require longitude corrections

• NGS’s xDEFLEC20 model integrates terrestrial, 
airborne, and satellite gravity

NOAA (1971)

1960s gravimetric survey of Washington, DC area 
for precise modeled deflections of the vertical

xDEFLEC20, NOAA (2020)



Testing
Woodford, VA Silver Spring, MD



Testing

•  

ξ -0.04 ± 0.14 ''

η +3.39 ± 0.14 ''

ξ -1.67 ± 0.12 ''

η +3.29 ± 0.22 ''

15 observations over 2 nights 18 observations over 3 nights

Woodford Silver Spring



DC Astrogeodetic Survey
• Goal: Revisit historical astrogeodetic 

sites in the DC area and intermediate 
sites to validate TSACS

• Sites were selected with an approximate 
15 km spacing

• Reconnaissance was conducted in 
September 2020, finding 5 suitable 
historical sites 

• Observations at 13 sites were conducted 
in October and November of 2020



DC Astrogeodetic Survey
International 

Latitude 
Observatory 

City of Gaithersburg

Former Nike Missile 
Defense Site and 

NGA Tracking 
Facility 

Fairfax County, VA

Coast & Geodetic Survey 
BC-4 Satellite Triangulation 

Facility 
USDA, Beltsville, MD

Goddard Geophysical and 
Astronomical Observatory 

NASA, Beltsville MD



Sites visited

International Latitude Observatory

Gaithersburg, MD

USDA

Beltsville, MD Turberville, VA Herndon, VA

Spencerville, MD District of ColumbiaPotomac, MD



Results: Historical Comparisons
Gaithersburg, MD Beltsville, MD

NASA Goddard GGAOHerndon, VAWoodford, VA

Spencerville, MD



Results: Model Comparisons



Results: Model Comparison

• Sites closest to DC have the 
largest errors with respect to 
xDEFLEC20

• Typical errors are smaller than 
0.5'' in magnitude

TSACS Deflections minus xDEFLEC20



Astrogeodetic Leveling
• Deflections of the vertical can be used to predict geoid 

height differences between sites

• We use xDEFLEC20 and xGEOID20 as a background 
model and compute corrections

• Level net forms 51 baselines with 13 unknowns

• Adjusted heights agree with xGEOID20 within ±1.1 cm 
(1σ)

• Planar fit to geoid adjustments suggest TSACS bias of 

• +0.09 ± 0.02 '' to east (~8 ms of time)

• –0.12 ± 0.04 '' to north

ΔNij ≈ −
dij

2 ((ηi + ηj)sin αij + (ξi + ξj)cos αij)

Astrogeodetic Geoid Corrections



Overall Precision and Accuracy
TSACS Historical Data

ξ η ξ η

TSACS 0.20'' 0.17''

Historical Data 0.17'’ 0.17'' 0.18'' 0.07''

xDEFLEC20 0.20'' 0.25'' 0.16'' 0.31''

Standard Deviations

Groups ξ η

TSACS – Hist. Data 7 -0.07 ± 0.07’' -0.15 ± 0.05''

TSACS – xDEFLEC20 16 -0.15 ± 0.05'' +0.07 ± 0.06''

Hist. Data – xDEFLEC20 7  0.00 ± 0.07'' -0.11 ± 0.13''

• Note: Datasets do not yet completely 
overlap, so biases do not close

• No strong evidence of bias larger than ±0.1''

Total Bias

• Performed one-way ANOVA (104 
measurements, 16 groups) to find 
internal and external variability of 
TSACS measurements

• TSACS has internal variability smaller 
than ±0.2'' for single occupation

Variability

Bias



Summary
• The Total Station Astrogeodetic Control System (TSACS) can direct an 

NGS-owned Leica TS60 robotic total station to observe stars and measure 
deflections of the vertical

• The system has been field-tested in the DC area and may soon see use in 
geoid studies

• The system can measure the deflection of the vertical within ±0.2 
arcseconds with one 15-minute occupation

• Calibration and refinement of analysis still in progress
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