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Abstract – Global expansion of the Event Horizon
Telescope (EHT) will see the strategic addition of antennas
at new geographic locations, transforming the sensitivity
and imaging fidelity of the �~ 1-mmEHTarray. A possible
South African EHT station would leverage a strong geo-
graphic advantage, local infrastructure, and radio astron-
omy expertise and have strong synergies with the Africa
Millimetre Telescope in Namibia. We assessed three South
African candidate millimeter sites using climatologic simu-
lations and antenna sensitivity estimates and found at least
two promising sites. These sites are comparable to some
existing EHTstations during the typical April EHTobserving
window and outperform them during most of the year,
especially the southern hemisphere winter. The results
suggest that a strategically placed South African EHT
station will have a sizable, positive impact on next-
generation EHT objectives and the resulting black hole–
imaging science.

1. Introduction

A host of novel black hole (BH) science goals will
be enabled by the expansion of the Event Horizon Telescope
(EHT) [1, 2], including the reconstruction of high-fidelity
movies of the Messier 87* (M87*) and Sagittarius A*
(Sgr A*) supermassive BHs (SMBHs). Both sources dis-
play dynamic behavior, with timescales of approximately
20 days [3] and approximately 20 minutes [4–6], respec-
tively. However, the typical 1-week duration of EHTobserv-
ing campaigns is too short to capture the full dynamical
evolution of M87*, [7] and limited snapshot (u, v) cover-
age has meant that the rapid time variability of Sgr A*
remains poorly constrained [8]. These limitations have
precluded experiments that allow dynamic imaging of
SMBHs. New, strategically placed stations, especially

several on the African continent, would extend the annual
monitoring window for M87* and also significantly improve
the instantaneous and full-track (u, v) coverage toward Sgr
A* [9, 10], while prompting significant strides in African
Very Long Baseline Interferometry (VLBI) development,
particularly with intra-African VLBI baselines.

Southern Africa holds a strong geographic advan-
tage for imaging southern hemisphere sources, such as Sgr
A*. Simulations by [10] showed that adding the Africa
Millimetre Telescope (AMT) in Namibia and a Canary
Islands station to the EHT improves Sgr A* movie fidelity
through better constraints on source extent and a factor
Z4 increase in observation length with adequate snap-
shot (u, v) coverage for dynamical imaging. Static Sgr A*
imaging from [9] showed that an EHT array augmented
with the AMT and a South African station achieves sig-
nificantly improved (u, v) coverage, especially in the eastern
subarray. Through long north-south and east-west baselines
to NOEMA and ALMA, respectively, a South African
EHT station (SA-EHT hereafter) would further enhance
dynamical reconstructions of Sgr A* and M87* and
potentially enable polarimetric photon ring experiments,
as proposed by [11]. Additionally, a short (~1000 km)
SA-EHT-AMT baseline would enable the measurement
of low-spatial-frequency emission critical for linking jet
launch with horizon-scale dynamics. The added short-
baseline constraints would also improve the gain calibration
solutions and hence the achieved image fidelity [12]
and dynamic range, particularly with maximum entropy
method imaging [13].

The prospective array of performance improvements
offered by the addition of SA-EHT to the EHT strongly
motivate an investigation of feasible millimeter sites in
South Africa. To this end, three sites were identified for
preliminary evaluation, including Ben Macdhui (BMAC)
in South Africa’s Eastern Cape, Sutherland (STL) in the
Northern Cape, and Matjiesfontein (MATJ) in the Western
Cape. Details of the sites, selected for their relatively high
altitude and existing infrastructure, are summarized in
Table 1. The preselection criterion for sites to have existing
infrastructure is motivated by a more rapid and cost-effective
SA-EHT project delivery.

Tropospheric water vapor is the chief cause of
atmospheric absorption and scattering of millimeter
waves, necessitating high-altitude, low-humidity sites. The
frequency-dependent absorption, quantified by the optical
depth, sðmÞ, attenuates incoming millimeter radiation as
e�sðmÞ and a fast-evolving water vapor distribution above
a millimeter station causes rapid phase fluctuations. The
coherence time, defined as the mean time interval over
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which the troposphere induces a 1-radian phase shift, char-
acterizes the rate of these fluctuations. Thus, the column-
integrated precipitable water vapor (PWV) and sðmÞ are key
parameters in millimeter site evaluations. For the next-gener-
ation EHT (ngEHT), the 86, 230, and 345-GHz zenith
optical depths are of the most interest as these align
with the proposed receiver bands [2]. Wind speeds are
also critical, as high wind speeds degrade coherence
times, disrupt dish pointing and tracking, and may even
necessitate stowing of the dish. This work evaluated these
climatologic proxies, among others, and used them to esti-
mate antenna sensitivity for various dish sizes via the system
equivalent flux density (SEFD). This analysis marks a
first step toward identifying an SA-EHT dish size that
offers the best value proposition while delivering significant
scientific impact.

The work is presented as follows: the methods
employed in the climatologic site characterization and
antenna sensitivity estimation study are presented in
Sections 2 and 3. The results are presented and discussed
in Section 4. Finally, Section 5 summarizes the key
results and gives an outlook on the next steps and out-
standing questions.

2. Climatologic Modeling

To characterize the candidate SA-EHT sites, we
employed a meteorological modeling approach akin to
[14–17]. Using data from Modern-Era Retrospective
Analysis for Research and Applications, version 2
(MERRA-2) [18], a global database of atmospheric mea-
surements on a 0.5° latitude by 0.625° longitude (or~55 km
latitude by ~70 km) grid from 1980 to date, we generated
realistic model atmospheres. MERRA-2 has a 3-hour tempo-
ral resolution, but a temporal resolution of 1 month was used
for this analysis as it suffices for the goal of shortlisting sites
for on-site testing. We used daily MERRA-2 data files from
January 1, 2009, to December 31, 2022, to calculate monthly
means of the quantities needed for model atmosphere gener-
ation, which we then used to create model atmospheres.

In the absence of on-site air pressure measurements,
we devised a surface pressure estimation approach requir-
ing only the site latitude, Slat, longitude, Slon and altitude
(height above sea level) Salt as inputs. The method employs
the MERRA-2 vertical pressure levels, lev, and the mean
edge heights, H, the mean altitudes to which they corre-
spond, from the surrounding grid points. For each grid
point, the closest mean edge heights above and below Salt
are determined, the corresponding pressure levels identi-
fied, and a linear interpolation between the pair of points
is carried out to estimate the pressure at the height Salt. The

estimated pressures at Salt from the four grid points are then
interpolated bilinearly to estimate the surface pressure, Psurf ,
at the site location, (Slat; Slon; Salt). Finally, the mean vertical
profiles of other quantities [17, fig. 1] are determined by bili-
nearly interpolating the mean MERRA-2 profiles of the sur-
rounding grid points to (Slat; Slon), truncating the profiles at
the closest vertical pressure level above Salt and using Psurf

to logarithmically extrapolate them to (Slat; Slon; Salt). To
avoid negative wind speed predictions, wind speeds were
instead estimated by linearly interpolating between the values
at the pressure levels closest to Psurf above and below.

Following atmospheric model generation, we used
the am atmospheric modeling software [19] to solve the
radiative transfer equation for the models, effectively esti-
mating ground-based radiometer measurements by simulat-
ing the effect of atmospheric absorption, emission, and
scattering on radio frequency signals passing through the
model atmospheres. We chose a frequency range of 80 to
700 GHz with 500-MHz resolution. Estimated quantities
include the mean PWV, zenith optical depth sðmÞ, zenith
brightness temperature TbðmÞ, and wind speed vwind.

3. Sensitivity Estimation

Equipped with the sðmÞ and TbðmÞ values, we esti-
mated the effective sensitivity of the antenna and receiver

Table 1. Geographic information of the following three SA-EHT
candidate sites: Ben Macdhui (BMAC), Sutherland (STL) and
Matjiesfontein (MATJ)

Site Latitude, deg Latitude, deg Altitude, m

Ben Macdhui �30.648 27.935 3000
Sutherland �32.378 20.813 1800
Matjiesfontein �33.266 20.582 1340

Figure 1. Monthly mean PWV (top row), 230-GHz zenith opacity
(second row) and brightness temperature (third row), and wind speed
(bottom row) above BMAC, STL, and MATJ for March, April, and
May from 2013-2022. Predictions for BMAC, STL, and MATJ are
shown by blue, orange, and green curves, respectively, with shaded
regions indicating 6�. Means plus � above KP (dashed) and means
minus � above ALMA (dotted) contextualize the SA-EHT values
within the typical range of atmospheric conditions in the array. The
dashed magenta line (bottom row) marks a wind speed of 15 m/s.
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at 230 GHz through single-dish SEFDs for different dish
diameters using the definition [20]

SEFD � 2kBTsys
�Ageo

:

In the equation above, kB is the Boltzmann constant,
Tsys the absorption-corrected system temperature, Ageo the
geometric area of the dish and h an efficiency factor encap-
sulating all relevant effects. Assuming a perfectly sideband-
separating receiver system, we calculated Tsys as

Tsysð�Þ ¼ e�ð�Þ½Trecð�Þ þ ð1 � e��ð�ÞÞTatmð�Þ�;
where TrecðmÞ is the receiver temperature and TatmðmÞ,
the effective atmospheric temperature, is

Tatmð�Þ ¼ Tbð�Þ � TCMBe��ð�Þ

1 � e��ð�Þ :

We assumed the ALMA 230-GHz receiver tem-
perature of Trec ¼ 40 K [17, table 5] and TCMB ¼ 2:725
K [21]. Our h estimates considered only the forward
efficiency and aperture efficiency:

�ð�Þ ¼ �Fð�Þ�apð�Þ:

We chose gF ¼ 0:9 for all sites, which is similar to
values adopted in other EHT expansion analyses [17].
The aperture efficiency, gap, was calculated using Ruze’s
formula [22], assuming a focus offset of 10l m and a
commercially available dish with an RMS surface accuracy
of 40l m.

These calculations underpin the 230-GHz noise
performance analysis of hypothetical dishes at the candi-
date sites in Section 4, incorporating dish and receiver
specifications and the site-specific atmospheric conditions
calculated in Section 2. Three indicative dish diameters
(9, 13, and 18 m) were included based on ngEHT and
next-generation Very Large Array designs.

4. Results and Discussion

We validated the climatologic characterization
results through comparison with BMAC weather data
from the ngehtsim package, which was the only South
African candidate site whose weather data was included
in [15] and ngehtsim [17]. The results were consistent,
yielding mean relative differences of approximately 4%,
approximately 9%, and approximately 17% for the mean
230-GHz zenith optical depth, mean PWV, and mean
wind speed, respectively, which are lower than the
RMS of each parameter. With the validation completed,
the analysis of all three candidate SA-EHT sites was
undertaken.

4.1 Nominal EHTObserving Window
Comparison

Over the decade analyzed, BMAC generally exhib-
ited the lowest mean PWV values among the three South
African sites. As an EHT site located at a relatively low
altitude of 1900 m, Kitt Peak (KP) has some of the least
favorable millimeter observing conditions in the array.
Thus, we used it as a benchmark nonpremier site against
which to evaluate the SA-EHT candidate sites. In April,
the customary EHT observing window, the mean PWV,
and the 230-GHz optical depths and brightness tempera-
tures above BMAC are comparable to those above KP
(see middle column of Figure 1), a pattern also observed
at 86 and 345 GHz. While STL’s mean PWV, sðmÞ, and
TbðmÞ curves approach those of BMAC during certain
years, the STL and MATJ curves generally exceed the upper
bound of the KP 1-standard-deviation (r) range. In May,
BMAC’s curves fall well below KPþ r, while those of
STL remain close to them. The ~10-mm conditions at
BMAC and STL in March decline to ~5 mm (STL)
and , 5 mm (BMAC) from April through August, repre-
senting an important trend as the ngEHT project seeks to
extend the observing window to~3 months in Phase 1 [2].

Similar wind speeds to STL and MATJ during the
first half of the year and significantly higher values during
the latter half make BMAC the windiest site of the three.
Wind-induced sensitivity degradation depends on antenna
specifications, but at wind speeds less than 15 m/s, degra-
dation is typically insubstantial [17]. The mean wind speeds
at all three candidate SA-EHT sites rarely reach this mark.
We note, however, that the MERRA-2 data lack the time
resolution to capture gusting. This is left for future analy-
sis of on-site measurements.

We explored 9, 13 and 18-m dish diameters in our
estimated sensitivity analysis. The hypothetical 13-m dish
at BMAC and 18-m dish at STL showed mean SEFDs
similar to those of the KP antenna in April (see Figure 2).
Specifically, KP marginally outperforms a BMAC

Figure 2. Mean SEFD estimates for different dish sizes during the
month of April from 2013 to 2022. Thicker linewidths correspond to
large dish diameters at two South African sites, BMAC (purple) and
STL (green). A black, dashed horizontal line at the mean value of KP
over the decade is added for context. Values generally showed a stan-
dard deviation of approximately 3000 Jy.
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13-m dish and is marginally outperformed by an STL
18-m dish, reflecting KP’s slightly superior April 230-
GHz zenith opacities and brightness temperatures. The
noise performance difference between BMAC and STL
diminishes with increasing dish diameter. While an 18-m
dish at BMAC outperforms the same dish at STL, the dif-
ference is minimal during the latter half of the decade ana-
lyzed, partly due to an apparent uptrend in April brightness
temperatures and zenith opacities at BMAC. This trend
warrants further monitoring with a MERRA-2 data subset
that includes data for 2023 and 2024.

4.2 Winter–Winter Comparison

The goal of achieving year-round observations in
Phase 2 of the ngEHT project [2] relaxes the requirement
of sub-10 mm PWV conditions specifically around April,
allowing a broader assessment of site quality across seasons.
This enables us to remove the effect of opposing seasonal
patterns between the southern and northern hemispheres
by comparing the quality indicators of the candidate SA-
EHT sites and KP during equivalent seasonal periods.
Since winter observing conditions are generally more
favorable than summer conditions, we focused on the
meteorological winters as follows: June 1 to August 31 in
the southern hemisphere and December 1 to February
28/29 in the northern hemisphere. Figure 3 demonstrates
that STL and KP offer similar site quality for millimeter
observations, while the higher-altitude BMAC site exhib-
its conditions superior to both. Typically, falling below the
10-millimeter mark in the same figure, all three SA-EHT
candidate sites become competitive millimeter sites in the
southern hemisphere winter. Notably, only in March and
the period plotted in Figure 3 do KP’s mean PWVs and
zenith spectral opacities consistently suggest more favorable
conditions than BMAC and STL. Furthermore, observing
conditions at the South African sites are relatively stable
throughout the year. For instance, PWV values above KP
deteriorate by a factor greater than 6 (to ~30 mm in July
and August) in the northern hemisphere summer compared
with April, while even the MATJ PWV values seldom
exceed 15 mm. This stability is significant for year-round
observing and opens the door to southern-winter VLBI
observations with the AMT and Atacama Desert stations
(ALMA and APEX), particularly with Frequency Phase
Transfer (FPT)-enabled stations.

5. Conclusion

Among the three candidate SA-EHT sites selected
for desktop evaluation, BMAC showed the most promis-
ing proxies for millimeter site quality, comparable to KP
during the nominal April EHT observing window and out-
performing it during most of the year. In its most favorable
years, however, STL’s weather conditions are similar to
those of BMAC in this window, and it is comparable to KP
when the sites’ weather conditions are compared for similar
meteorologic seasons. In our view, BMAC and STL justify
the financial investment of in situ characterization.

The positive millimeter site quality and antenna
sensitivity indicators emphasize the importance of the next
steps. FPTwill very likely play a pivotal role in future EHT
operations, particularly at nonpremier sites. It is, therefore,
also important to incorporate this technique in an extension
of this study to static and dynamical imaging, especially
characterizing its performance as a function of sensitivity
to help inform the recommended SA-EHT dish size.
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