Geosci. Instrum. Method. Data Syst., 15, 75-88, 2026
https://doi.org/10.5194/gi-15-75-2026

© Author(s) 2026. This work is distributed under

the Creative Commons Attribution 4.0 License.

Geoscientific
Instrumentation
Methods and
Data Systems

Design and implementation of a robust data logging and satellite
telemetry system for remote cryospheric research

Sunil N. Oulkar!, Matthew W. Peacey?, Michael Mitrev>, Duncan J. Quincey!, Bryn Hubbard?, Tom Matthews®,

Ankita S. Oulkar?, Katie E. Miles’, and Ann V. Rowan®

I'School of Geography, University of Leeds, Leeds, United Kingdom
2Centre for Glaciology, Department of Geography and Earth Sciences, Aberystwyth University,

Aberystwyth, United Kingdom

3Ground Control Technologies UK Ltd., Fareham, United Kingdom

“Department of Geography, King’s College London, London, United Kingdom

3Lancaster Environment Centre, Faculty of Science and Technology, Lancaster University, Lancaster, United Kingdom
®Department of Earth Science, University of Bergen and Bjerknes Centre for Climate Research, Bergen, Norway

Correspondence: Sunil N. Oulkar (s.n.oulkar@leeds.ac.uk)

Received: 4 September 2025 — Discussion started: 27 November 2025
Revised: 9 February 2026 — Accepted: 10 February 2026 — Published: 27 February 2026

Abstract. Scientific research in remote environments has
traditionally relied on manual data retrieval from data log-
gers, requiring multiple field visits that are costly, logisti-
cally challenging, and sometimes hazardous. While satel-
lite telemetry solutions exist, their integration with widely
used research-grade data loggers in extreme environments re-
mains poorly documented, limiting reproducibility and adop-
tion. This study presents the design and implementation of a
data logging and telemetry system deployed in the Western
Cwm of Mount Everest/Sagarmatha, Nepal, to transmit sev-
eral meteorological parameters from an automatic weather
station and firn layer temperatures obtained from a suite of
borehole thermistors. Drawing on recent advances in satellite
Internet of Things (IoT) connectivity, we present the integra-
tion and deployment of Campbell Scientific data loggers with
Ground Control’s compact satellite-enabled RockREMOTE
Mini, which uses the Iridium Certus 100 networks and is
powered by Iridium’s 9770 modem. This work represents the
first documented integration of research-grade Campbell Sci-
entific loggers with Iridium Certus 100 satellite IoT technol-
ogy, providing validated protocols, performance metrics, and
automated workflows for extreme environments. The sys-
tem, which operated at 6660 m a.s.1., in an extremely cold cli-
mate with a limited sky-view factor due to steep surrounding
terrain, provided continual monitoring of ice temperatures
and meteorological conditions transmitted every 24 h, from

4 May to 10 August 2025. Data integrity and transmission
reliability were consistently maintained, with 100 % data re-
trieval, despite the challenging environmental conditions and
limited power availability. The system established a robust
methodological framework for other researchers working in
remote locations, demonstrating the potential for sustained
and high temporal resolution measurements of environmen-
tal conditions in locations where traditional communication
infrastructure is unavailable.

1 Introduction

The cryosphere is crucial for many Earth surface and climatic
processes, regulating Earth’s energy balance and global tem-
peratures, and influencing weather patterns, ocean circula-
tion, sea level and seasonal water storage (Fountain et al.,
2012; Hieronymus and Kalén, 2020; Kulkarni et al., 2021).
However, the cryosphere is changing at an accelerating rate
(Hugonnet et al., 2021), with many glaciers predicted to dis-
appear by the end of the century (Riickamp et al., 2025). Un-
derstanding the processes that govern mass and energy ex-
change across glacier surfaces and within subsurface firn en-
vironments is essential for predicting the future response of
polar and high-mountain regions to climate change (Gardner
et al., 2023; Hay and Fitzharris, 1988), but capturing these in-
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teractions reliably over time and across space remains a sig-
nificant challenge. This is particularly the case in remote en-
vironments such as the Arctic, Antarctic, and high-mountain
regions, where logistical access is severely limited and com-
munication infrastructure varies greatly and is, in some cases,
effectively non-existent, with only satellite communication
available.

Current approaches to remote environmental monitoring
rely primarily on periodic manual data collection and the
deployment of equipment including Automatic Weather Sta-
tions (AWS). Various glaciological monitoring programmes
have documented the difficulty of capturing in situ mea-
surements of glacier dynamics, often requiring multiple field
visits per season or year to maintain or modify equipment,
retrieve data, and address sensor failure (e.g., Costanza et
al., 2016; Martin et al., 2014; Martinez and Hart, 2010;
Matthews et al., 2020a; Miles et al., 2018; Oulkar et al., 2024;
Pernov et al., 2024; Tartari et al., 2009; Tetzlaff et al., 2017).
Such expeditions incur substantial costs, involve safety risks,
and present logistical complexities, which could be avoided
with the availability of a data logging system equipped with
satellite telemetry capabilities. Near-real-time telemetry di-
rectly supports investigation of glacier-climate interactions
in high-mountain and polar environments by enabling con-
tinuous retrieval of mission-critical environmental data.

Existing satellite telemetry deployments in glaciology
have primarily fallen into three categories (1) custom-
integrated commercial systems combining sensors and
telemetry in proprietary packages, which offer reliability but
limit sensor flexibility and require notable capital investment;
(2) purpose-built open-source platforms designed around
specific satellite protocols (Garbo and Mueller, 2024), which
provide transparency but require electronics expertise and
may not meet the precision requirements of all applications;
and (3) research-grade logger deployments with aftermar-
ket satellite additions, which remain largely undocumented
thus far. Our deployment addresses the third category by
providing full documentation of a validated integration be-
tween Campbell Scientific CR1000/CR1000X loggers and
the RockREMOTE Mini using Iridium Certus 100 connec-
tivity. We implemented an integrated data logging and satel-
lite telemetry system specifically designed for deployment in
extreme high-altitude environments. The system combines
Campbell Scientific CR1000/CR1000X data loggers with
Ground Control’s RockREMOTE Mini satellite communi-
cation units, based on Iridium Certus 100 connectivity to
provide reliable data transmission from locations where ter-
restrial communication infrastructure is absent. We demon-
strate the framework on which our system is built and pro-
vide access to our code so that others can replicate, adapt,
and improve this design for their autonomous environmental
monitoring purposes. The system demonstrates a novel ap-
proach by providing (1) complete integration protocols and
open-source code, (2) quantified performance metrics from
extreme conditions, (3) power management strategies and for
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sustainable long-term operation, and (4) automated data pro-
cessing workflows that eliminate manual intervention. Exist-
ing deployments have typically used proprietary integrated
systems or custom-built platforms (Nazir et al., 2017; Chan
etal., 2021; Garbo and Mueller, 2024), limiting reproducibil-
ity for researchers using standard equipment. Here, we first
present the design of the monitoring system, then describe
its performance with an emphasis on the power and data
management strategies used. We conclude with proposing
telemetry protocols that are suitable for remote and extreme
research settings.

2 Study site and data specification

The integrated data logging and telemetry system was de-
ployed in the Western Cwm of Mount Everest/Sagarmatha,
Nepal, at an elevation of 6660 ma.s.l. (27.97°N, 86.93°E),
as part of a broader project to study near-surface energy ex-
changes and ice temperatures in the accumulation zone of
one of the world’s highest glaciers (Fig. 1). The Western
Cwm contains the upper section of the Khumbu Glacier,
which flows west from the Lhotse Face through the Khumbu
Icefall, before turning south and terminating 5—10 km farther
down-valley (RGI 7.0, 2023). The Western Cwm contains a
series of mountaineering camps (Camp I, Camp II and Camp
IIT) used for climbing Mt. Everest via the southeast ridge
in Nepal and providing access to the high peaks of Lhotse
and Nuptse (Fig. la and b). Despite having infrastructure
in place to service the mountaineering community, deploy-
ing cryospheric monitoring equipment in the Western Cwm
is both hazardous and expensive; in particular, fieldwork is
challenging because of the extreme temperatures, the narrow
weather window in which the site can be accessed, and nav-
igating the icefall with its associated avalanche and rockfall
risks, risk of heat and cold injury, and working at high eleva-
tion where low oxygen levels increase the likelihood of acute
mountain sickness (Matthews et al., 2020b). Equipment de-
ployment is further complicated by limited helicopter sup-
port, the need for climbing permits, physical limits on carry-
ing loads, and the need for expert guiding. The development
of an autonomous data logging and transmission system that
reduced the need for regular field visits therefore had multi-
ple benefits to the project team and reduced the environmen-
tal footprint of the research project.

The monitoring system included an AWS and two sub-
surface thermistor strings, connected to Campbell Scientific
CR1000 and CR1000X data loggers respectively, each with
an integrated RockREMOTE Mini satellite communication
unit (Fig. 1c). Boreholes for the installation of thermistors
were drilled into the firn layer to a total depth of 12 m using
a Heucke Steam Drill (Heucke, 1999). The AWS incorpo-
rated meteorological sensors including air temperature, rela-
tive humidity, snow depth, incoming shortwave radiation and
incoming and outgoing longwave radiation.
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Figure 1. (a) Khumbu Glacier and the surrounding area, shown by satellite image (ArcPro basemaps (Maxar)) (b) The field site, located in the
Western Cwm of Mount Everest/Sagarmatha, Nepal, at an elevation of 6660 ma.s.l. (27.97°N, 86.93° E), and (c) fully deployed integrated
monitoring system showing the complete telemetry enabled setup including AWS, thermistor borehole, solar power, CR1000/CR1000X
enclosures, RockREMOTE Mini and satellite communication antenna for Iridium Certus 100 connectivity. Note that the cables were trimmed

and secured to the mounting poles before final deployment.

The system was powered by 12V 24 Ah sealed lead acid
batteries with 30 W lightweight solar panel charging arrays
mounted vertically on the support mast. Data loggers and
telemetry units for the AWS were housed in robust weath-
erproof cases and in Campbell Scientific enclosures for the
thermistor arrays, mounted on glass-reinforced plastic poles
installed 1.5m into the surface. The RockREMOTE Mini
satellite communication system was integrated with each
data logger through a serial communication interface.

3 Data logging and telemetry system

3.1 Data logger: Campbell scientific CR1000 and
CR1000X series

The Campbell Scientific CR1000 and CR1000X (hereafter
CR1000(X)) series data loggers are widely used for environ-
mental monitoring in extreme conditions due to their relia-
bility, extensive sensor compatibility, and flexible program-
ming capabilities. While two different logger models were
used, both share identical core functionality for our appli-
cation and demonstrated equivalent performance throughout
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the deployment. They have been successfully deployed in the
polar regions, high-altitude environments, and in a range of
other challenging locations (Citterio et al., 2015; Doyle et
al., 2018; Li et al., 2018; Sicart et al., 2014; Sugiyama et
al., 2015), including at the Bishop Rock close to the sum-
mit of Mt. Everest/Sagarmatha (Matthews et al., 2022). The
ability of the CR1000(X) loggers to operate across a wide
temperature range ( — 40 to 70 °C) and their robust construc-
tion make them particularly suitable for deployment in harsh
conditions, while their comprehensive analogue and digital
input capabilities allow for integration with a wide variety of
sensors commonly used in remote research. Additionally, the
system’s compatibility with multiple communication proto-
cols, including satellite communication, offers the possibility
of data transmission. The CR1000(X) loggers operate using
the CRBasic programming language, which can accommo-
date complex data collection protocols, including conditional
sampling based on environmental conditions, data quality
control algorithms, and power management strategies. This
functionality enables customised data collection and process-
ing according to the specific research requirements of the
user.
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3.2 Telemetry system: RockREMOTE Mini

The RockREMOTE Mini, powered by Iridium’s 9770 mo-
dem, is a compact, efficient, and robust version of the Rock-
REMOTE family that operates on the Iridium Certus 100
network, developed by Ground Control Technologies United
Kingdom Ltd (Ground Control, 2026a). Its physical compo-
nents comprise a RockREMOTE Mini device, an antenna
(Scan 65020-011), an Registered Jack-45 (RJ45) connec-
tor, Category 5 Enhanced (CAT-5E) ethernet cable, a com-
bined power and serial communication General-Purpose In-
put/Output (GPIO) cable, 9 m of coaxial (LMR 400) antenna
cable with N plug and TNC plug, and a bespoke antenna
mounting kit (Fig. 2). The physical integration required three
connections: (1) GPIO cable for power (12V from logger)
and serial communication, (2) LMR 400 cable to the exter-
nally mounted antenna, and (3) Ethernet cable for optional
Power over Ethernet (PoE) (not used in our deployment). Its
compact form (182 x 74.5 x 53 mm) and robust IP66 rated
enclosure are designed to make the device resilient to harsh
weather conditions, including extended exposure to temper-
atures ranging from —40 to +70 °C and relative humidity <
95 %. The RockREMOTE’s low operating power consump-
tion of < 36 mW in sleep mode and ~ 300 mW in idle mode
supports efficient field operation. During Iridium transmis-
sions, the unit draws an average of ~ 7250 mW, with absolute
peaks up to ~ 20 000 mW during satellite uplink bursts. The
availability of a sleep pin for dynamic power management
makes the system ideally suited to solar-powered or battery-
constrained deployments in remote environments.

The RockREMOTE Mini supports Iridium Certus 100
with Internet Protocol (IP) connectivity (up to 88 Kbps
downlink, 22 Kbps uplink) and IMT (Iridium Message Trans-
port), enabling both standards-based PoE integration via IP
and scalable, efficient data transport via IMT. The IMT
was selected over IP-based connectivity because its store-
and-forward architecture is robust to the intermittent satel-
lite visibility encountered at the field site. Complete mes-
sages are buffered within the transceiver and transmitted in
small segments, resuming automatically if the link is inter-
rupted. IMT remains operational at received signal levels
of approximately —117 to —119dBm, whereas typical IP-
based connectivity operates over a stronger signal range of
approximately —110 to —114dBm and generally fails be-
low —115dBm, providing a 2—4 dB tolerance under weak-
signal or obstructed conditions. These characteristics en-
able reliable one-way telemetry under low-power conditions.
The limitations of IMT include a fixed message size limit
(< 100KB), meaning that applications requiring two-way
communication, remote configuration, or larger data volumes
may instead favour IP connectivity despite higher energy and
cost requirements. The omnidirectional connectivity elimi-
nates the need for precise antenna pointing, a significant ad-
vantage in dynamic environments such as the Western Cwm
where equipment positioning moves due to glacier motion.
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Figure 2. Telemetry system components: (a) RockREMOTE Mini
device, (b) RockREMOTE SCAN antenna (65020-011), (¢) antenna
mounting kit, (9d) m LMR-400 cable with N plug and TNC plug
connectors and (e) GPIO cable. Source: https://www.groundcontrol.
com/product/rockremote-mini/ (last access: 6 February 2026). Re-
produced with permission.

Its versatile interface options, including Ethernet with PoOE+-,
RS232/RS485 serial communication, and GPIO connectiv-
ity, enable integration with a wide range of sensor networks
and data acquisition systems. The device’s built-in Global
Navigation Satellite System (GNSS) receiver provides a re-
liable time source for connecting equipment, while, Ground
Control’s cloud platform (Cloudloop), enables data integra-
tion and storage (see Sect. 7).

3.3 Integration of data logger with RockREMOTE
Mini

The CR1000(X) and RockREMOTE Mini have compat-
ible communication interfaces and protocols (Fig. 3).
The CRI1000(X) native support for serial communica-
tion (RS232) aligns with the RockREMOTE Mini inter-
face connectors, enabling their integration without requir-
ing additional hardware adapters or protocol converters.
The CR1000(X) CRBasic programming environment al-
lows users to integrate AT command syntax by embed-
ding the required ASCII prefix format (AT + CMD) fol-
lowed by the payload and CRLF, facilitating direct com-
munication with the RockREMOTE Mini and utilising the
IMT protocol for efficient, low bandwidth data transmission.
Power management is achieved through the CR1000(X) dig-
ital control outputs, which can directly interface with the
RockREMOTE Mini sleep pin for intelligent power cycling
based on environmental conditions or data collection sched-
ules. The CR1000(X) built-in timing capabilities comple-
ment the RockREMOTE Mini GNSS receiver, ensuring pre-
cise data timestamping and synchronisation across multiple
sensor networks. This compatibility extends to data format-
ting, where the CR1000(X) flexible data processing capabil-

https://doi.org/10.5194/gi-15-75-2026
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Figure 3. Architecture of the remote monitoring system
showing the integration of data logging, telemetry, power
supply, and sensor components for autonomous operation
in remote environments. Note: The middle four connec-
tion lines between the CR1000 and RockREMOTE Mini are
GPIO cable. Adapted from https://www.groundcontrol.com/blog/
integrating-rockremote-mini-with-cr1000/ (last access: 6 February
2026). Reproduced with permission.

ities can optimise payload structures for IMT message-based
transmission, maximising the efficiency of satellite airtime.

3.4 Data logger programming

CRBasic provides the functionality to be able to handle
multi-sensor data acquisition, implement intelligent power
management, and design efficient satellite communication
protocols optimised for remote monitoring (Fig. 4). The sys-
tem implements the RockREMOTE Mini’s IMT protocol
support through serial communication at 115 200 baud, using
the message-based approach that eliminates protocol over-
head by transmitting data in Base64 format with no header
information.

Data acquisition and storage intervals can be programmed
flexibly; for the Western Cwm deployment we scanned all
raw data at the high-frequency interval of 10 s and saved av-
erage, minimum, and maximum values at lower frequency
of 1800s (30 min). While all data were written to the data
logger memory for long-term storage, only the low fre-
quency 1800 s values were transmitted via the telemetry sys-
tem. This dual resolution approach ensured the measure-
ment and recording of rapid environmental variability while
maintaining manageable data volumes for satellite trans-
mission. The CRBasic code to achieve this is available
at https://doi.org/10.5281/zenodo.16985625 (Oulkar et al.,
2025).

The RockREMOTE Mini sleep pin provides dynamic
power control, with the program automatically activating the
satellite modem 3 min before scheduled transmissions to en-
sure communication stability while minimising power con-
sumption during dormant periods. With sleep mode enabled,
baseline power consumption is reduced to < 36 mW at 12V
(~75mW at 24 V), with the Iridium 9770 transceiver draw-
ing power primarily during scheduled transmission periods.

https://doi.org/10.5194/gi-15-75-2026
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Scan (10 Sec)

Sensors:-
Battery Voltage, Panel Temp, Temp & RH, Show
Depth, SWin, LWin, LWout, & Resistance

Call 30 min Table
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Battery Voltage
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(10:59) (3 min prior, ensures

‘ Turn ON Communication Port
stability before transmission)

Main DataString

Transmission is Successful
Transmission (11:02) Turn OFF Port

T
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(11:20, 12:20, 13:20 & 14:20)

If Transmission Fails Turn Off The ]

Force Turn OFF Port If Time is 14:30 W
or If Battery Voltageis<11.5 J

Figure 4. Workflow of the CRBasic program for the CR1000(X),
showing sensor initialisation, data acquisition, averaging, storage,
and Iridium transmission with retry and power management logic.
Panel Temp is panel temperature, Temp is air temperature, RH is
relative humidity, SWin is incoming shortwave radiation, LWin is
incoming longwave radiation, and LWout is outgoing longwave ra-
diation and resistance is thermistor resistance.

Without sleep-pin management, continuous modem opera-
tion would dominate total power use, requiring larger bat-
teries or substantially larger solar arrays (~ 50-75W com-
pared with the 30 W array deployed). This interval is user-
configurable and can be adjusted based on specific deploy-
ment requirements or environmental conditions. The trans-
mission protocol implements a 24-hour data collection cycle
with primary transmission scheduled at 11:02 LT, followed
by systematic retry attempts every hour (i.e., at 12:02, 13:02,
and 14:02 LT) if initial transmission fails (Fig. 4). This sched-
ule aligns with peak solar radiation periods to ensure the bat-
teries are optimally charged during transmission attempts. In
cases where daily data transmission fails completely, the sys-
tem implements a cumulative data buffering approach where
non-transmitted data are appended to the following day’s
dataset. The accumulated data follow the same scheduled
transmission protocol the next day at 11:02 LT, with system-
atic retry attempts if required. The system can continue ac-
cumulating and transmitting multi-day datasets for 4 d, with
the transmission capacity ultimately limited by the size lim-
its of the satellite communication protocol (100 KB) or the
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character limit, which was set to a string limit of 25 000 char-
acters based on the available memory size in the logger. As
new data are appended at the start of the string, characters
beyond the limit are truncated, ensuring that the most recent
data are always retained. The program also incorporates sub-
routines that manage message tracking, status verification,
and automatic retry mechanisms, with each transmission at-
tempt generating a unique message identifier that denotes its
success or failure status. For this deployment, the RockRE-
MOTE Mini was programmed to operate on a scheduled duty
cycle to minimise power consumption. The modem remained
in sleep mode for the vast majority of time, drawing only
36 mW per 24 h period. Active operation was programmed
to occur within an approximately 11 min daily window, com-
prising around 3 min for wake-up and satellite acquisition
and up to 8 min for data transmission, depending on mes-
sage size and satellite link quality. This duty cycle reduced
modem power consumption by 97 % relative to operation in
a continuously idle mode.

The string parsing and data formatting protocols of Rock-
REMOTE Mini implement the AT command syntax required
for IMT (messaging size up to 100 KB per message) commu-
nication (Ground Control, 2026b), with the program dynam-
ically constructing transmission strings that include times-
tamp information, sensor data with appropriate precision
formatting, and delimiting characters that enable efficient
server-side data parsing. AT +IMTWU (MO IMT in Binary
Mode without CRC, 100 KB per message) commands ini-
tiate binary data transmission with dynamic length specifi-
cation based on the formatted data string. Message status
tracking utilises the IMT protocol’s built-in acknowledge-
ment system, with the program monitoring response codes to
determine transmission success and implementing automatic
message cancellation and retry protocols when transmis-
sion failures are detected. AT +IMTMOS (IMT MO Status)
commands are used to query transmission state through re-
sponse code parsing, with successful transmissions indicated
by state code “5”, while failed attempts trigger AT +IMTC3
message cancellation commands followed by automatic retry
sequences, as described above.

4 Power management

Power management represents a critical design challenge in
high-altitude deployments where solar charging is limited
by weather conditions and seasonal variation in illumina-
tion. The sleep pin-based power management strategy proved
highly effective during the deployment. By placing the mo-
dem into sleep mode between scheduled transmissions, daily
power consumption was substantially reduced compared to
continuous operation, making this approach essential for
long-term autonomous deployment in energy constrained en-
vironments. Wake up procedures were reliable, with no ob-
served failures, and satellite acquisition times were consis-
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tent with effective operation under restricted sky-view condi-
tions. Our system implements an energy management strat-
egy that seeks to balance system performance with power
conservation requirements. The CRBasic program transmits
only when battery voltage is > 11.8V, and the transmission
process shuts down completely at voltages that are < 11.5V
to prevent deep discharge damage to the battery. Figure 5
shows battery voltages for all three of our deployed loggers
during the period of operation, ranging with strong diurnal
cyclicity (reflecting solar charging) between 12.5 and 14.5'V.

5 Interface: Cloudloop IoT platform

The Cloudloop Internet of Things (IoT) platform serves as
the interface through which data transmitted by the Rock-
REMOTE Mini can be accessed (Fig. 6a). It provides robust
long-term data storage and integrity, and is built on AWS
and uses Message Queuing Telemetry Transport (MQTT),
with modern data integrity mechanisms and up-to-date se-
curity certificates. By default, data are retained indefinitely
unless a customer modifies retention settings. Iridium mes-
sages are received at the Tempe, Arizona Ground Station and
routed via Ground Control’s SQS queue (IMT) or MPLS (IP)
to Ground Control’s NYC POP, which features redundant
servers and routers across both sites with dual independent
MPLS circuits. Cloudloop maintains 100 % uptime (https:
/Istatus.groundcontrol.com/, last access: 6 February 2026),
and background message forwarding continues even if the
web portal is unavailable. These features ensure reliable, re-
dundant storage and continuous data delivery, minimising the
risk of data loss or service interruption. It provides seam-
less handling of Iridium IMT messages, device management,
and downstream data forwarding. While alternative work-
flows are possible, they require direct integration with Irid-
ium’s backend via Amazon Simple Queue Service (SQS)
and custom parsing to separate messages by device, whereas
Cloudloop performs these operations automatically. Cloud-
loop also provides over-the-air configuration and firmware
updating, usage reporting, and API access without additional
usage-based fees, reducing operational burden and enabling
remote management throughout the deployment. The data re-
ceived from the RockREMOTE Mini arrive in Base64 for-
mat, but each message can be visualised as HEX and ASCII
within the Cloudloop interface (Fig. 6b). The platform distin-
guishes between different message types (e.g. start-up rou-
tines, successful data receipt, failed transmissions, routine
logs) and provides detailed payload information for each suc-
cessful transmission, as well as logging precise timestamps,
message sizes, and transmission success rates, so that data in-
tegrity and system performance can be tracked. Cloudloop’s
onward delivery methods are Email, Azure, AWS, Google
Storage, FTP, HTTP Webhook and MQTT, +ThingSpeak
and ThingsBoard.

https://doi.org/10.5194/gi-15-75-2026


https://status.groundcontrol.com/
https://status.groundcontrol.com/

S. N. Oulkar et al.: Remote cryospheric research 81

14.5 —AWS
——Thermistor1
—Thermistor2

=
S

Battery Voltage (V)
P}
o

-
w

12.5 i i | i -

| | 1 1
04-05-25 16-05-25 28-05-25 09-06-25 21-06-25 03-07-25 15-07-25 27-07-25 08-08-25
Time

Figure 5. The 30 min minimum recorded battery voltage during the monitoring period for the three lead-acid batteries powering the deployed
loggers (one for the AWS and two for the thermistor strings), indicating power system performance under remote deployment conditions.
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Figure 6. Cloudloop IoT dashboard showing (a) telemetry data from the RockREMOTE Mini with timestamps, type, message size, and
payload (b) Detailed message in the HEX and ASCII format (Basemap from Leaflet, ©OpenStreetMap).
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In our implementation, Email serves as the primary chan-
nel for data transfer for extraction. The system is configured
to dispatch an email on receipt of every new message, which
has proved to be a simple but reliable mechanism for near
real-time data forwarding without requiring API integrations.
This provides an effective means for conducting daily quality
checks and facilitating the integration of our data into down-
stream processing pipelines.

6 Automated ETL pipeline for telemetry data
processing

To automate the extraction, transformation, and loading
(ETL) of telemetry data received via Cloudloop’s Email
delivery method, we implemented a Microsoft Power
Automate-based workflow that eliminates manual interven-
tion in the satellite-to-analysis pipeline (Fig. 7). Alternative
approaches include custom scripts in Python or R, cloud-
based services such as AWS Lambda, or other automation
platforms like Zapier, depending on user preference and ex-
pertise. Once Cloudloop receives data from the RockRE-
MOTE Mini and sends an automated email containing the
HEX payload, the Power Automate flow is triggered (Fig. 8).
The flow monitors the inbox for incoming messages from
Cloudloop and retrieves the required HEX payload from the
email body. The system then reads the existing HEX data file
to retrieve previously stored observations, appends the new
payload, and saves the combined dataset as a text file in a des-
ignated location, preserving continuity across transmission
cycles. The Power Automate workflow implements multiple
error-handling mechanisms. (1) Missing emails: The work-
flow is event-driven and triggers only upon email arrival,
it does not poll for expected transmissions. If a scheduled
transmission does not arrive, the system continues operat-
ing normally, with the gap becoming apparent during rou-
tine quality control. (2) Malformed emails: The workflow
checks for the presence of HEX payload markers. Emails
lacking valid markers are skipped and treated as data gaps
rather than causing system failure. (3) HEX decoding fail-
ures: In Excel, the decoding formulas verify that payloads
contain valid hexadecimal pairs (0-9, A—F). Payloads failing
this check are discarded, preventing propagation of corrupted
values into the data pipeline. In all error scenarios, original
Cloudloop messages remain accessible through the web in-
terface, providing a recovery pathway for manual retrieval
if required. Following this ETL sequence, we implemented
Power Automate within MS Excel to automate reading the
updated text file, converting the HEX encoded content into
ASCII format, and loading the decoded data into a structured
dataset for analysis. Excel has significant structural and per-
formance limits, most notably a maximum of 1048 576 rows
and 16 384 columns per worksheet, with individual cells ca-
pable of holding up to 32 767 characters. Practical limits also
apply to total file size, which becomes memory- and system-
dependent as files grow.
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Figure 7. Remote monitoring system architecture schematic
illustrating the complete data pathway, starting from Rock-
REMOTE Mini, then transmitting via Iridium satellite, fol-
lowed by processing on the Cloudloop platform, subsequent
email delivery, integration with Microsoft Power Automate
ETL workflow, and concluding with the final processed
dataset. Adapted from https://www.groundcontrol.com/blog/
integrating-rockremote-mini-with-cr1000/ (last access: 6 February
2026). Reproduced with permission.

The whole process is completed within tens of sec-
onds, meaning the data are accessible in analysis-ready
format within ~ 1 min from the workflow being initiated
at the monitoring site. Small delays can arise during data
transformation and refresh time within the Excel work-
book, which can be tackled by directly using the HEX
file with Python or similar programming languages. The
Power Automate flow and associated files are available
at https://doi.org/10.5281/zenodo.16985625 (Oulkar et al.,
2025).

7 Discussion
7.1 System performance and reliability

Our deployment used separate data loggers and telemetry
units for the AWS and each of two thermistor strings. This
configuration reflected both the scientific objectives and the
practical field constraints of the Western Cwm installation.
Using independent systems facilitated rapid verification and
troubleshooting during the short installation window and re-
duced the risk of a single point of failure interrupting all
data streams. While architectures based on a single log-
ger and transmitter may offer advantages in deployments
easier access the modular approach adopted here was the
most robust for this campaign. The integrated data logging
and telemetry system, combining the CR1000(X) data log-
ger with the RockREMOTE Mini Iridium (Encompassing
the Iridium 9770 transceiver), proved to be robust and reli-
able throughout its operation, successfully transmitting data
from its deployment on 4 May 2025, until 10 August 2025.
Measurements ceased on 10 August because the above-
ground elements of the installation were either buried by
snow or displaced by an avalanche (confirmed by field visit
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Figure 8. Power Automate workflow for automated extraction,
transformation, and loading of HEX telemetry data into an Excel-
ready format.

on 21 September 2025), rather than by any malfunction of
the telemetry system itself. The system’s resilience during
extensive cloud cover, typical of the monsoon season, has
been particularly noteworthy, with successful data transmis-
sion maintained even during periods of heavy overcast con-
ditions that typically challenge satellite communication sys-
tems. Indeed, transmission data show that across all three
setups (AWS and two thermistor strings), 273 out of 293
total transmission attempts were successful on the first at-
tempt, representing a 92 % first-attempt success rate. Of the
remaining 20 transmissions, 17 were transmitted on the sec-
ond attempt, and the remaining three were transmitted on the
subsequent day (Fig. 9). Notably, the next-day transmission
protocol was successful on all three of these occasions re-
sulting in 100 % data recovery throughout the deployment
period. Figure 5 confirms that battery voltages remained con-
sistently above transmission thresholds (> 12.5 V) through-
out deployment, including all days when first-attempt fail-
ures occurred. This shows transmission failures resulted from
satellite link issues rather than insufficient power. Iridium’s
satellite constellation provides global coverage, but periodi-
cally, only a few satellites may be visible from a ground lo-
cation. At our site, steep surrounding terrain (Lhotse Face,
Everest West Ridge, Nuptse) reduced visible sky, decreas-
ing satellite pass opportunities. The 1-hour interval between
retry attempts ensured new satellite passes became available,
explaining the 100 % success rate within two days.
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Similarly, the battery system performed reliably through-
out the operating period (Fig. 5), with no sign of voltage
drop or power failure. However, we note that during the
winter season or cold conditions, lower temperatures would
present a more significant challenge to maintaining the bat-
tery charge.

System performance in other regions will depend on satel-
lite availability and terrain conditions. Satellite availability
differs substantially between our mid-latitude site (27.97° N)
and polar regions. High Arctic/Antarctic (> 70° latitude) ad-
vantages include more satellite passes (orbits converge at
poles, increasing visible satellites), longer visibility dura-
tion, and higher success probability. We anticipate further
improved first-attempt success rates relative to the 92 % ob-
served at our site, due to improved satellite geometry. How-
ever, polar researchers should note that while satellite vis-
ibility improves, the local terrain still matters. Sites in val-
ley bottoms or near ice cliffs may experience similar occlu-
sion effects. Overall, it is reasonable to expect that the system
would perform equal-to-better in polar regions from a com-
munication perspective, with power management becoming
the primary design challenge during winter darkness.

The CR1000(X) platform was selected for four primary
reasons (1) proven reliability in extreme environments, with
documented operation from —40 to +70°C; (2) compat-
ibility with a wide range of research-grade meteorologi-
cal and thermistor sensors required for cryospheric studies;
(3) programming flexibility through the CRBasic environ-
ment, enabling custom power management, conditional sam-
pling, retry logic, and direct AT-command control of satel-
lite modems; and (4) extensive community adoption and in-
stitutional support, reducing development and operational
risk. Compared with low-cost platforms such as Raspberry
Pi or Arduino (Nazir et al., 2017; Chan et al., 2021), the
CR1000(X) provides a favourable balance between power
efficiency and advanced functionality, including native RS-
232 interfaces, precise timing, programmable digital I/O, and
support for differential analogue measurements without ex-
ternal signal conditioning. However, alternative data acquisi-
tion systems may be appropriate under different application-
specific constraints. Other platforms, including low-cost plat-
forms like Raspberry Pi (Nazir et al., 2017), Arduino (Chan
et al., 2021), Cryologger Ice Tracking Beacon (ITB) (Garbo
and Mueller, 2024), HOBO RX3000, Vaisala AWS310 and
DL-Series or commercial microcontrollers, may also be suf-
ficient for simpler deployments or where rapid prototyping is
needed. Indeed, these systems may be preferable under dif-
ferent conditions, including application-specific constraints
such as environmental severity, required precision, sampling
frequency, maintenance feasibility, cost, robustness, ability
to operate across large temperature ranges, power demand,
and acceptable deployment duration.

The RockREMOTE Mini was chosen based on (1) ultra-
low power consumption (300 mW operating, enabling solar-
battery systems); (2) Iridium Certus 100 compatibility, pro-
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Figure 9. Data transmission performance of the AWS and both thermistor datasets, showing daily data delivery attempts. Blue bars indicate
successful first attempts, purple bars indicate second attempts, red bars indicate no transmission and grey bars shows successful transmissions

on the following day first attempts.

viding truly global coverage including polar regions; (3) an
omnidirectional antenna, eliminating pointing requirements
in dynamic remote environments; (4) serial interface com-
patibility with CR1000(X), enabling direct integration with-
out protocol conversion; and (5) message-based IMT proto-
col support, allowing efficient low-bandwidth transmission
(up to 100KB per message) optimised for environmental
monitoring. Satellite modem alternatives such as MetOcean’s
STREAM series also provide comparable telemetry capabil-
ities and may be selected depending on application-specific
criteria such as power constraints, data volume, latency tol-
erance, operational costs, support availability and integration
needs. Further, the current deployment relied on the Rock-
REMOTE Mini modem operating over the Iridium satellite
network due to its global coverage and low power demand,
but also for its favourable balance between power consump-
tion, supported message payload size, operational robust-
ness, and tolerance to restricted sky visibility. In addition to
global coverage, the RockREMOTE Mini with Iridium Cer-
tus 100 supports store-and-forward operation, short transmis-
sion windows, and single-message payloads of up to 100 KB,
enabling fully automated daily data delivery with minimal
latency under constrained power budgets and intermittent
satellite visibility conditions that are difficult to achieve si-
multaneously in geostationary or broadband systems. Several
alternative satellite communication options are also available
and may be more suitable for different use cases. Platforms
such as Thuraya and Inmarsat offer regional geostationary
coverage with higher bandwidth but typically may require
more power and line-of-sight stability, making them more
effective at lower-latitude and less obstructed environments.
Other satellite communication platforms include ARGOS,
which offers global coverage but with limited positional pre-
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cision, and Globalstar, which provides cost-effective commu-
nication but lacks reliable coverage at high latitudes (Garbo
and Mueller, 2024). Starlink offer high-bandwidth data trans-
fer and expanding global coverage through a growing con-
stellation of low-Earth-orbit satellites. However, such plat-
forms may currently require significantly higher power and
infrastructure. Additionally, access may be restricted in cer-
tain regions due to geopolitical or regulatory limitations. As
a result, the use of these platforms in autonomous remote
monitoring remains constrained both technically and oper-
ationally. Relative to other telemetry systems, the Iridium
Certus 100 link supports modest data volumes with short
transmission durations and high delivery reliability, enabling
consistent daily messaging without continuous sky visibility.
The compact omnidirectional antenna eliminates pointing re-
quirements and reduces mechanical failure modes, while the
wide operational temperature range enables deployment in
cold environments without additional environmental condi-
tioning. Together with aggressive duty-cycle power manage-
ment and a modular system architecture, these characteristics
represent a substantial improvement over many previously
reported telemetry deployments, for which power consump-
tion, latency, or transmission reliability are often described
only qualitatively. As a result, low-power Iridium-based sys-
tems provide a robust and operationally efficient solution for
remote cryospheric and high-mountain deployments where
power availability, sky visibility, and site accessibility are the
dominant constraints.

The upfront cost of the telemetry system reported herein,
including hardware and Iridium communication, ranges from
GBP 1700-2000 per site, and data plans cost some tens of
GBP per month (with ours being GBP 20-30), these ex-
penses are outweighed by efficiency savings on travel to re-
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mote environments. In contrast, manual data retrieval cam-
paigns in remote regions generally exceed GBP 5000 per per-
son for alpine or Arctic expeditions, and substantially greater
for Antarctic and high-mountain expeditions. These expedi-
tions often require extensive logistics, helicopter access, per-
mits, specialist equipment, and in-country personnel, incur-
ring further costs. Additional complications can arise from
extreme weather, technical terrain, exposure to illness, and
physical and mental strain, in some cases leading to aborted
trips where the data cannot be retrieved.

The nature of the environments that the sensors are de-
ployed in can also lead to data loss from destruction of
equipment. This can occur from avalanches, equipment melt-
out, loggers falling into crevasses and destruction from lo-
cal wildlife (Immerzeel et al., 2014). In some deployments,
sites may not be safely visited at all after installation (e.g., on
fast-moving ice, in an icefall, on an iceberg), making satel-
lite telemetry the only practicable method of data retrieval.
Such telemetry-based systems not only eliminate the need
for repeat access but also reduce the risk of complete data
loss in the event of equipment failure or loss. Additionally,
the ability to monitor equipment status in real-time enables
early fault detection, potentially allowing a rapid response
to resolve the issue, and maximises data recovery thus im-
proving the scientific return. Indeed, although our installa-
tion is no longer functioning, the data are stored in the cloud,
within the automated email receipts, and locally as part of the
Power Automate workflow, rather than solely on the loggers
that may or may not be retrievable during the next fieldwork
season.

Real-time data access through satellite telemetry substan-
tially reduces scientific risks in remote deployments. Without
telemetry, equipment failures may remain undetected until
the next field visit-often months later-by which time instru-
ments may be buried, displaced, or destroyed. This results
not only in ongoing data gaps but also in the loss of data
already stored on the logger. Telemetry enables early detec-
tion of sensor burial (through declining signal amplitude),
melt events (firn temperatures approaching 0 °C), equipment
exposure (abrupt thermal changes), or system malfunctions
(battery voltage drops, transmission failures). Early recogni-
tion provides lead time for field teams to plan maintenance
access while systems remain recoverable. In our deployment,
the structural collapse on 10 August 2025 would likely have
resulted in complete data loss had telemetry not been inte-
grated, instead, all data through the failure point were suc-
cessfully recovered via cloud storage and automated work-
flows.

While our deployment demonstrates the clear benefits of
satellite telemetry for continuous monitoring in remote ter-
rain, there are scenarios in which traditional manual data re-
trieval or alternative approaches may be more appropriate.
Accessible sites, such as those supported by research sta-
tions, may be served adequately and cost-effectively by man-
ual retrieval. Short-duration intensive campaigns may not
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justify the time and effort required to install and configure
telemetry systems, particularly if data can be collected at the
campaign’s end. Applications generating high data volumes,
such as high-frequency seismology or minute-resolution
time-lapse photography, can exceed practical satellite band-
width and become prohibitively expensive. In some regions,
regulatory or licensing restrictions may limit the use of
satellite equipment. The most appropriate approach depends
on project-specific constraints, including budget, access fre-
quency, data volume, deployment duration, and the opera-
tional importance of real-time monitoring, consistent with
observations from previous ecological and environmental
field studies (Nazir et al., 2017; Chan et al., 2021; Garbo and
Mueller, 2024).

7.2 Future perspective and implications

The current system’s limitation to IMT protocol, while
highly effective for the present application, presents an op-
portunity for future enhancement. Implementing dual pro-
tocol capability, combining IMT for routine data transmis-
sion with IP connectivity for higher bandwidth applica-
tions, would expand the system’s capabilities significantly.
This hybrid approach would enable remote system diag-
nostics, firmware and program updates, and transmission
of higher resolution data products when conditions permit,
while maintaining the cost effective IMT protocol for stan-
dard operations.

Future deployments could consider implementing more
sophisticated sensors for monitoring system health, includ-
ing communication signal strength logging. These additional
data streams would provide valuable insights into system per-
formance under varying environmental conditions and enable
predictive maintenance strategies.

The success of the system described herein underscores its
value as a model for standardised deployment in other data-
sparse cryospheric regions. For example, extending this ar-
chitecture to monitor remote surge-type glaciers could sup-
port real-time monitoring of glacier dynamics where field
visits are challenging. In regions like the Tibetan Plateau,
European Alps and Svalbard, similar deployments could pro-
vide critical insights into active layer thawing, permafrost
variability, and surface energy exchanges with a changing
climate. Furthermore, beyond cryospheric applications, this
telemetry framework has broad potential across multiple do-
mains of remote monitoring. With minimal changes, the sys-
tem could support a range of alternative payloads including
time-lapse cameras, data to describe hydrological parame-
ters, seismic signals (Maurer et al., 2020) and geotechnical
(i.e. borehole) measurements. The suitability of the Rock-
REMOTE Mini for alternative payloads depends on power
availability, data volume, and transmission frequency. While
the modem supports a variety of sensor types, high-volume
or high-frequency data streams are constrained by practical
limits in power consumption, bandwidth, and onboard buffer-
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ing. The Iridium 9770 transceiver supports uplink transmis-
sions of up to 22 Kbps and downlink transmissions of up
to 88 Kbps via IP, or up to 100KB in each direction us-
ing the IMT protocol. Messages are queued in an inter-
nal buffer capable of storing approximately 6000 messages
(~ 3 MB total), with a smaller immediate buffer accommo-
dating roughly 100 KB outgoing and 35 KB incoming data
simultaneously, of which ~ 15KB is reserved for system
overhead. These constraints make the system well suited to
low- to moderate-data-rate sensors, while applications gener-
ating large data volumes or requiring frequent transmissions
would require additional data reduction, compression, or al-
ternative telemetry solutions.

One notable and important deployment category for this
technology is its potential contribution to early warning sys-
tems for geotechnical and climatic hazards in remote re-
gions. With targeted modifications, such as higher-frequency
or threshold-triggered transmissions, the system could sup-
port early warning applications for a range of environmen-
tal and geotechnical hazards, including glacial lake out-
burst floods, slope instability, permafrost degradation, ex-
treme melt events, and hydrometeorological extremes. The
modularity of the system makes it adaptable for regional
or national monitoring frameworks, enabling scalable net-
works that can provide timely data to both researchers and
decision-makers across cryospheric, marine, terrestrial, and
atmospheric monitoring domains, where performance re-
quirements are typically defined by reliable near-real-time
updates (on the order of hours to one day), high transmission
reliability, and sustained operation under constrained power
budgets rather than continuous high-bandwidth data streams.
Scaling such networks is constrained by power availability,
transmission frequency, and operational costs, and applica-
tions requiring sub-hourly updates or continuous data trans-
mission.

8 Summary remarks

The successful implementation and operation of an inte-
grated data logging and telemetry system in the Western
Cwm of Mount Everest/Sagarmatha demonstrates the feasi-
bility of continuous, high-resolution environmental monitor-
ing in extreme conditions. The system achieved exceptional
reliability and data quality while demonstrating significant
advances in communication efficiency and power manage-
ment relative to previously reported deployments.

The integration of Campbell Scientific CR1000(X) data
loggers with Ground Control’s RockREMOTE Mini pro-
vides a robust platform for autonomous environmental mon-
itoring in locations where terrestrial communication infras-
tructure is unavailable. The communication approach bal-
anced operational efficiency with cost effectiveness, achiev-
ing significant reductions in communication costs while
maintaining operational flexibility.
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The power management strategies developed for this de-
ployment demonstrate that continuous operation is achiev-
able in extreme environments through careful system design
and intelligent power management. The integration of dy-
namic power control for communication systems represents a
particularly valuable innovation for resource-constrained ap-
plications.

Our programming scripts and automated data processing
workflows are openly available to support adaptation and
broader adoption across the international research commu-
nity, addressing the limitations of traditional manual mon-
itoring systems and reducing the risk of data loss and op-
erational downtime in the world’s most challenging envi-
ronments. The workflows presented are primarily imple-
mented on Windows-based Power Automate and Excel envi-
ronments. While the underlying concepts (automated email
retrieval, data parsing, and quality control) are transfer-
able, adaptation to alternative telemetry platforms or non-
Windows operating systems would require custom scripting
or equivalent automation tools. Comparable workflows can
be implemented using programming-based solutions or other
automation platforms, depending on user preference and ex-
pertise. While Excel-based processing was adopted here to
maximise accessibility and enable rapid deployment, we rec-
ommend that operational deployments adopt programming-
based workflows (e.g. Python or R), which provide more
flexible and powerful alternatives, including improved error
handling, version control, scalability, and reproducibility. Fu-
ture work should focus on expanding the sensor capabilities
of the system and developing a community library of deploy-
ment protocols to facilitate widespread adoption of satellite-
based telemetry in remote research deployments.
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