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Global climate models are important tools for understanding differential
impacts of climate change around the world. These models depend on
the existence of accurate and timely data for calibration and validation,
and in some parts of the world such data is scarce. Tropical mountains
are modelled to warm faster than other areas of the globe, due to a
theory known as Elevation Dependent Warming. However empirical
evidence for EDW is limited, particularly in tropical Africa. The aim of
this study is to investigate temperature trends in Mount Kenya, an
equatorial mountain in central Kenya, to look for evidence of Elevation
Dependent Warming. Three types of datasets- reanalysis datasets,
meteorological station data, and in-situ data loggers- were examined.
The Reanalysis datasets investigated were TerraClimate- 1958 -2021,
ERA5- 1979 - 2022, and CFSR- 1979 - 2022, while the meteorological
stations examined included Munyaka Station- 2070 m.a.s.l., Naro Moru
Gate Station- 2420 m.a.s.l, and Naro Moru Met Station- 3048 m.a.s.|, all
of which had data from 1991 - 2022. Finally, six in-situ temperature
loggers were placed at 200 m vertical elevation intervals from 3000
m.a.s.| to 4000 m.a.s.l, and data from these loggers were compared with
historical observations at comparable elevations. Results showed that all
the reanalysis datasets displayed significant warming, but with widely
varying magnitudes, ranging from 0.12°C to 0.48°C/decade. Data from
the meteorological stations, on the other hand, did not provide any
evidence of warming. In-situ data loggers showed warming of 4-5°C for
of absolute minimum temperatures since the 1950s. Despite the
differences in the data sources, there was general agreement for lapse
rates, which ranged from 0.5°C to 0.55°C/100 m. Each data source had
its own shortcomings, and a thorough knowledge of error and
conditions of use and is therefore needed before any datasets can be
put into research use.

©2022 Africa Journal of Physical Sciences (AJPS). All rights reserved.
ISSN 2313-3317

Introduction

Tropical alpine areas are expected to experience some of the world’s highest levels of warming

over the next century due to climate change. These areas have been modelled to warm by as

much as 4°C by the end of the century [1-4]. This is as compared to global average warming of less
than 1.5°C [5]. This warming is known as Elevation Dependent Warming (EDW) and is thought to
have something to do with global climate feedback processes such as albedo, water vapour,

42


http://uonjournals.uonbi.ac.ke/ojs/index.php/ajps

Temperature Trends and Evidence for Elevation Dependent Warming on Mount Kenya

radiative fluxes, and aerosols, which cause higher elevation areas to warm more rapidly than
lower elevations [6—8]. These factors then become more (or less) important in the tropics due to
the influence of ENSO (EI Nifno—Southern Oscillation) cycles [3,9].

Empirical evidence for EDW is limited, however, and conclusions have been mixed [6]. Reviews of
EDW have found that the majority of studies do suggest higher warming in mountain regions,
though this can vary seasonally, and there remains disagreement over whether tropical mountains
are more susceptible than other mountains [6,8]. The uncertainty comes from the paucity of data
in these regions and the complexity of these climate systems. Long-term datasets are particularly
rare in high elevations worldwide: in the Global Historical Climatology Network (GHCN) of climate
stations, only 0.7% are at elevations above 3000 m.a.s.| [6], and those in tropical regions are more
scarce yet. This data scarcity is compounded by the complex terrain which requires a high density
of stations to accurately capture temperature variations in these regions. Where stations do exist,
they are often placed in valleys for logistical reasons; these valleys have their own micro-climate
due to down-welling of cold air, and thus do not necessarily reflect the average temperature in the
area [6]. Because of this, the majority of evidence for EDW comes from reanalysis datasets [3,10—
12]. However satellite data are themselves limited by cloud cover and spatial resolution [6].
What’s more, as Global Climate Models are often calibrated by reanalysis datasets, there is the
risk of circular reasoning [13—-15].

Much of the analysis on tropical alpine warming has been conducted at either a global scale or at a
regional scale- particularly in the tropical Andes [16—20]. There have been comparatively much
fewer studies on the individual mountains of East Africa [21]. Mount Kenya in central Kenya has
some of the most detailed temperature records, but even these are mostly from lower elevations
[22]. The ones from high elevations, range at most from a couple days to a few months [23-27].
The objective of this study was to explore the temperature datasets on Mount Kenya, assess their
quality, and analyse temperature trends to look for evidence of EDW.

Materials and Methods
Study area

Mount Kenya is an extinct volcano in central Kenya [28]. It is the highest mountain in Kenya (peak
at 5,199 m.a.s.l.) and second highest in Africa. It is also one of just three highland areas of Kenya
with an alpine climate- occurring at elevations above ~3500 m.a.s.l. - the others are Mount Elgon
and the Aberdares [25]. The specific study area is the western slope of Mount Kenya which has
three permanent meteorological stations as well as a wealth of historical data on temperature.

Data Sources

There are few remotely sensed datasets for temperature that have global coverage, an adequate
spatial resolution to capture topographic variability, and also a long enough temporal record to
analyse temperature trends. Three datasets that do meet this criteria are CFSR, TerraClimate and
ERA5. CFSR (Climate Forecast System Reanalysis) produces surface temperatures at a spatial
resolution of ~38 km, a temporal resolution of 6 hours, and coverage going back to 1979 [29].
ERAS (European Centre for Medium-Range Weather Forecasts- Reanalysis v5) is another reanalysis
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product covering the period since 1979. It records 2 m air temperature at a spatial resolution of
~31 km and at an hourly resolution [30]. The ERA5_Ag (Agro-meteorological) product is a
summarized dataset providing temperature on a daily time step, but at finer spatial resolution of
~9.6 km [31]. TerraClimate is in itself a combination of several other reanalysis products,
combined in such a way as to provide optimum spatial and temporal resolution. It provides surface
temperature at a spatial resolution of ~4km, a monthly time step, and a temporal coverage going
back to 1958 [32]. These datasets were downloaded for Mount Kenya using the Famine Early
Warning System Network’s Climate Engine tool [33].

There are three permanent meteorological stations on the west side of the mountain: the Naro
Moru Meteorological Station (3048 m), the Naro Moru Gate Station (2420 m), and the Munyaka
Station (2070 m) (Figure 1). These are manually operated stations that collect a suite of climatic
data including rainfall, wind speed, temperature, and humidity. Data is collected twice a day, and
they have been in operation since 1991. Temperature sensors for each of these stations were
upgraded after 2008, and in Munyaka, the sensor was changed again in 2018 after the previous
one got damaged (Muriungi, M. pers. comm, 2023). Data for these stations were obtained from
the Centre for Training and Integrated Research in Arid and Semi-arid Land Development in Kenya
[34].
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Figure 1: Study area on the western slope of Mount Kenya. Ground station and logger locations used are
indicated as well as the footprint of the TerraClimate reanalysis dataset. Map created by author.

In-situ temperature data was also recorded on the western slope of Mount Kenya using Hobo
Pendant MX2201 data loggers, accurate to £0.5°C [35]. Five loggers were set up at 200 m elevation

44



Temperature Trends and Evidence for Elevation Dependent Warming on Mount Kenya

intervals from the 3200 m contour to the 4000 m contour (Figure 1). Loggers were strapped with
zip-ties to the bottom of shrubs large enough to provide adequate shade throughout the day. Data
loggers can be sensitive to direct sunlight so at the 3600 m contour a second logger was placed
immediately next to the first, but encased with an Onset RS1 solar radiation shield [35] to test for
impacts of direct radiation. An additional logger was also placed directly beneath the Naro Moru
Meteorological Station (hereafter referred to as ‘Met Station’) for comparison with the other
datasets. All loggers were set to record temperature at 30 minute intervals. They were installed on
September 21, 2021 and data was downloaded on February 22, 2022.

Data Analysis

The datasets were all compared with the Naro Moru Met Station by comparing average daily
means, maximums, and minimums as well as absolute minimum and maximum temperatures over
the time period. The averages were compared among the datasets using the student’s t-test. At
the 3600 m contour, temperatures from the shielded logger were compared to the unshielded
logger (but still under the shade) using the student’s t-test. Logger data was compared with
historic point measurements at similar elevations. As the raw data was not provided in the historic
studies, it was not possible to compare these data statistically. However, the absolute maximum
and minimum temperatures were provided, which gave some indication of the spread of the data.
Trends for the different datasets at Met Station were compared by plotting the mean
temperatures, with 95% confidence intervals, using a lowess (locally weighted scatterplot
smoothing) line. This allowed the patterns in the data to be quickly visualized. Significance of
trends were assessed using the Mann-Kendall test [36,37]. Trends for the reanalysis datasets (with
the longer records) were also statistically analysed by plotting the data as departure from a
baseline of 1961-1990. A linear regression line through the data provided the slope by month,
which was then converted to an annual rate of change. For the CFSR dataset, the period after 2011
was not included as a change in algorithm after 2011 substantially changed the temperature
readings [38]. Finally, lapse rates were calculated for the three datasets using a linear regression of
mean temperatures by elevation. The slope of the regression provides the lapse rate as °C/m,
which was then converted to °C/100m.

Results
Comparison of data sources at Met Station

The three reanalysis datasets showed general agreement with the meteorological station data
over the five months of record (Sept 2021- March 2022), although there were some differences.
TerraClimate displayed significantly higher mean (12.34°C vs. 10.17°C, p<0.01) and maximum
temperatures (18.63°C vs. 15.18°C, p<0.01) than the ground station. ERA5_Ag had significantly
higher mean temperatures (10.98°C vs. 10.17°C, p=0.03), while CFSR had higher maximum
temperatures (21.10°C vs. 15.18°C, p<0.01). The Hobo loggers had higher maximum temperatures
(24.45°C vs. 15.18°C, p<0.01), but lower minimum temperatures (4.34°C vs. 5.17°C, p=0.02). Hobo
absolute maximum temperatures were over 18°C warmer than the ground station data. CFSR
displayed the highest variability among the reanalysis datasets, but the mean was closest to the
Met Station data (10.89°C vs. 10.17°C) (Table 1).
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Table 1: Comparison of temperatures in °C for datasets at the Naro Moru Meteorological Station of Mount
Kenya ~3000m; September 2021- March 2022.

Source Type Mean Max* [Min Abs Max |Abs Min
MetStation Automatic weather station 10.17 |15.18 5.17 |19.00 2.50
Hobo In-situ logger 11.05 24.45* 4.34* 37.19 1.58
CFSR Reanalysis dataset (38 km?) 10.89 21.10* 2.93 22.65 -0.15
ERAS Ag Reanalysis dataset (9.6 km?) 10.98* 16.25 [5.43 17.64 4.85
TerraClimate+ |Hybrid reanalysis dataset (4 km?) 12.34* 18.63* 6.05 [19.10 5.10

AMax and Min are average monthly maximum and minimum temperatures, whereas Abs Max and Abs Min are the
absolute minimum and maximum over the time period

+Terra Climate data is only for 2021 (Climate Engine does not have 2022 data)

* Significantly different from Met Station at p<0.05 level

Plotting the three reanalysis datasets together with the Met Station since 1980 showed uniform
differences between the datasets for the entire period of record; each source is generally outside
the 95% confidence limits of the others (Figure 2). TerraClimate and ERA5_Ag showed constant
gradual increases, while Met Station and CFSR displayed some unusual patterns as shown in Figure
2. CFSR had a sharp decline in temperature in 2011, which corresponds to the timing of a new
release of the CFSR product [38]. Before 2011, the trend was similar to the other reanalysis
datasets, but with considerably higher mean temperatures. The meteorological station data
similarly showed an abrupt shift at 2008 corresponding to the changing out of the sensors that
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Figure 2: Comparison of temperature datasets at Naro Moru Met Station. Shown here are mean
temperatures with a lowess smoothing line and 95% confidence intervals are provided for the three
reanalysis datasets as well as the station data

The unusually high maximum temperature readings for the Hobo logger suggested overheating in
the sun (see discussion). To test this, data from a Hobo logger with a radiation shield was
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compared to a logger without a shield (although still in shade). The Hobo logger without the
radiation shield produced significantly higher daily maximums than logger with the shield (t(308)=
-7.7; p = <0.01). Minimums temperatures, however, were almost identical (t(308)=0.33; p = 0.74).
On average maximum temperatures were 3°C warmer as compared to loggers with the shield
(Figure 3).
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Figure 3: Comparison of minimum and maximum temperatures for Hobo logger with a radiation shield
versus without at the 3600 m contour

Data Trends

The reanalysis datasets all show significant temperature increases at Met Station (TerraClimate z=
11.06, p<0.01; CFSR z=10.35, p<0.01; ERA5_Ag z=6.65, p<0.01) using the time period before 1990
as a baseline. The rate of increase, however, varies between the datasets, from 0.012°C/year for
ERA5_Ag to 0.048°C/year for CFSR, with TerraClimate right in the middle at 0.024°C /year (Figure
4). For TerraClimate with the longest record (1958-2021), the increase amounts to 1.25 °C as
compared to the baseline average from 1961 to 1990 of 11.09°C.
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Figure 4: Reanalysis trends at Net Naro Moru Met Station- 1958-2022, displayed as anomalies using the

period before 1990 as the baseline

The Ground stations, on the other hand, all displayed significant declines in temperature since
1991 according to the Mann-Kendall test (Met Station: z=-7.39, p<0.01; Gate Station z=-6.77,
p<0.01; Munyaka z=-14.35, p<0.01). However, here are considerable anomalies in each time

series, which make these trends questionable.

In particular, Gate Station reads higher

temperatures for much of the time series than Munyaka Station despite being at a higher
elevation (Figure 5). The sensor replacement in 2008 is apparent in all three time series, causing

an inflection point in each time series.
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Figure 5: Ground Station trends on Mount Kenya- 1991-2022, displayed as mean temperatures with 95%

confidence intervals
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The Teleki valley above Met Station has several historic observations of temperature, ranging from
4000 m to 4200 m. The current Hobo logger data from 4000 m is generally within the range of the
historic observations for mean and maximum temperature (4.7°C vs. 1.9°C - 6.7°C for mean and
14.5°C vs. 11°C - 18°C for maximum). However, minimum temperature in the current study are 3°C
to 5°C higher than the historical data (-1.6°C vs. -5°C to -6.7°C), leading to correspondingly fewer
frost days (13% vs. 86-98%) (Table 2). The unusually high maximum value reported by Grab et al.
(2004) is likely erroneous, caused by direct solar radiation (see discussion).

Table 2: Hobo temperature logger data- in °C- as compared to historical records. Data reported is surface
temperature at less than 20cm height

Author Elevation Date |[Mean  |Abs. Abs. Min [Frost Duration

(m.a.s.l) Max Days %
Hedberg, 1964 4200 1948 3.1 14 -6 86 one week, Aug
Coe, 1967 4191 1958 (1.9 11 -6.7 one month, Dec- Jan
Beck et al.,, 1981 4066 1979 k.5 18 -5 3 weeks, March
Grab et al., 2004* 14200 1998 6.7 42.8 -7.2 98 6 months, Aug - Dec
Current Study 4000 2021 4.7 14.5 -1.6 13 5 months, Sept- Feb

*Max temperature is highly suspect- may have been placed in direct sunlight

The lapse rate, for all three data sources- ground station data, Hobo data, and reanalysis data- was
similar, ranging from 0.50 to 0.55°C/100 m. The TerraClimate data covered the full elevation
range, while the ground station data was confined to the lower reaches of the mountain and the
Hobo data just from 3200 to 4000 m (Figure 6).
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Figure 6: Linear regression for mean temperatures by elevation on the western slopes of Mount Kenya.
Comparison of Hobo logger, ground station, and reanalysis dataset
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Discussion

The reanalysis datasets provided the best indication of the magnitude of warming in Mount Kenya
over the past half century. Although they vary substantially, all three rates (0.12, 0.24, and
0.48°C/decade) fell within the range of observed trends in highland areas around the globe, which
range from 0.11°C to 0.34°C/decade [20,39,40]. This is somewhat less than the model predictions
for tropical alpine areas, however, which suggest warming of around 4°C by 2080 [3],
corresponding to roughly 0.6°C/decade. This gap between model results and observations has
been noted before: even where the observations support the model predictions of high rates of
warming in high elevation tropics, the scale of this is less than in the model predictions [8,41]. The
temperature trends were generally greater than those observed from the rest of Kenya, however,
which ranges from 0.09°C/decade to 0.25°C/decade [42—-44]. Models project a similar or slightly
higher warming in Kenya over the next 50-100 years [45,46].

Some studies have suggested that minimum temperatures will increase faster than maximum
temperatures [6,19]. From the few records that do exist for Mount Kenya, it does indeed appear
that absolute minimum temperatures (lowest readings over the period of record) have increased
substantially. Hedberg (1964) recorded a low of -6°C in just one week of measurement in August,
1948, whereas the current study did not record anything below -1.6°C, over a 5-month period. Coe
(1967) recorded an even lower minimum of -6.7°C in December- January 1958/1959. Also the
decline in the number of frost days is telling. Hedberg (1964) reported it freezing on 86% of the
days at 4200 m. This is much more than the 13% found in this study (Table 2).

A recent paleoclimate temperature reconstruction from sediment cores at Lake Rutundu on the
northeast side of Mount Kenya, at 3078 m (comparable to Met Station at 3048 m), found the
mean temperature to have fluctuated from 4°C to 15°C over the past 25,000 years [47]. On
average, the Last Glacial Maximum (LGM) was 5.5+0.2°C cooler than during the modern period.
The authors found that this coincided with a decrease in lapse rate between the two periods from
-6.7+0.4°C/km during the LGM to a modern lapse rate of -5.7+0.1°C/km. The lapse rates
determined in the current study are somewhat lower than in the Loomis study (-5.0 to -5.5°C/km),
and also lower than the commonly reported value in the literature of -6.0°C/km [24,48,49]. A
declining lapse rate is consistent with climate change predictions [4], and is also something that is
likely underestimated in climate models [47].

Obtaining quality temperate data in hard-to-reach areas can be a challenge. In this study, three
different data sources for Mount Kenya were compared- each one having strengths and
weaknesses. The reanalysis datasets have the longest temporal coverage- particularly
TerraClimate which goes back to 1958 - and they generally provide consistent readings over time.
Nonetheless reanalysis datasets are limited by their spatial resolution, the availability of ground
station data for calibration, and also changes to the reanalysis models over time. The CFSR
dataset, at a spatial resolution of 38 km, should be too coarse of a resolution to characterize
mountain temperatures, and yet it had the highest level of agreement with the ground station
data. Indeed, this is likely because it was calibrated by the Met Station data: its accuracy would be
reduced higher up on the mountain but in the same grid cell. In addition, a new version of CFSR
created an abrupt shift after 2011, making analysis of overall trends difficult. After CFSR, ERA5_Ag
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matched closest with the ground station data over the whole period of record, despite its 9.6 km
spatial resolution; again, this may be a function of it being calibrated by Met Station.

Other studies in high elevation areas have noted a cool bias in ERA, with temperatures -3.54 °C
cooler than ground observations across several elevations in the Himalayas [50]. Finally
TerraClimate, with the longest record and the highest spatial resolution, reads on average two
degrees warmer than the Met Station data. The TerraClimate temperature dataset is based on two
other reanalysis datasets: WorldClim and CRU (Climate Research Unit) [32]. WorldClim data is
known to have a positive elevation bias in the tropics: ground stations used to characterize a grid
cell are generally from lower elevations, resulting in higher temperature readings in the high
elevations [51]. This explains the warmer minimum and mean temperatures for TerraClimate as
compared to the Hobo data and Met Station data.

Ground station data benefit from being direct site-specific readings made by precise instruments.
However they are limited by instrument failure from poor maintenance [52-54], as well as siting
issues that risk capturing a unique microclimate rather than the general temperature of the area
[6]. This is particularly an issue if the station is being used to calibrate reanalysis datasets or
climate models. Instrument failures are common, and can be identified by abrupt shifts in the data
[55], and indeed this was seen in the ground station data. Personal communication with the
station operators revealed that the sensors had been replaced at least twice during the period of
record (Muriungi, M., pers. comm., 2023).

In-situ temperature loggers benefit from being cheap and portable and easy to use. When
properly used, they also can have a very high accuracy. Unfortunately, they are susceptible to
overheating from direct radiation from the sun which can lead to anomalous readings. The
experiment with the radiation shield showed that even with an attempt to place loggers in the
shade, they were still evidentially receiving some direct radiation, causing readings that were
higher than the ambient temperature. In the experiment, maximum temperatures were around
3°C higher in the non-shielded loggers. This somewhat accounts for the difference between the
Met Station data and the Hobo data, although the difference was much greater there. Historical
in-situ data suffer from the same problem of overheating, and authors rarely recorded in detail
where they placed their loggers or the specific tolerances of those loggers. Excessively high
maximum temperatures reported on Mount Kenya [56] were almost assuredly caused by
overheating due to direct exposure to sunlight. For in-situ data, minimum temperatures are likely
the more reliable readings.

A thorough understanding of each dataset is necessary before it can be used for modelling or
other purposes. Not knowing the metadata regarding how and when a dataset is to be used, can
lead to large errors in interpreting the results. However, while the different datasets had widely
different readings, there was a remarkable consistency in the lapse rate. This shows that ratio
transformations of the data can be an effective way to utilize different datasets and overall means
can be valid even if individual readings are unreliable. Nevertheless, using a combination of
datasets and accounting for error in each one is crucial to accurately capture the temperature
regimes in these remote areas.
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Conclusion

Temperature has increased on Mount Kenya at a rate higher than the global average, which
suggests Elevation Dependent Warming may be occurring. However, there is discrepancy as to the
magnitude of that warming. Each of the datasets investigated has significant shortcomings, and
unless those shortcomings are addressed explicitly, it can lead to misleading results. The
TerraClimate temperature record from 1958 to 2021 is likely the most reliable dataset and showed
a consistent warming of 0.24°C/decade. This matches with in-situ logger readings showing
increases in minimum temperatures of 3°C to 4°C warmer as compared to historical data, and also
squares well with warming trends seen in mountain areas around the globe. The other datasets -
CFSR, Meteorological stations, and in-situ loggers- all have potential errors that must be addressed
before the data can be used appropriately. Even with modern sensors and satellite systems, there
can still be anomalies in the data, which are often overlooked. A thorough understanding of the
metadata and conditions of use is necessary before making use of any given dataset.
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