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Abstract: Despite the wide range of applications of the Spatial Synoptic Classification (SSC), its
expansion and utility in the tropics remains limited. This research utilized the fifth generation of
European ReAnalysis (ERA5) data to develop an SSC scheme tailored for East Africa with a focus on
Kenya. The SSC method classifies weather into seven types: Dry Polar (DP), Dry Moderate (DM), Dry
Tropical (DT), Moist Polar (MP), Moist Moderate (MM), Moist Tropical (MT), and Transitional (TR).
Frequency and trend analysis between 1959 and 2022 show that the MT and DM weather types are
the dominant types in Kenya. The DM type is dominant in the December-February (DJF) dry season
while the MT type is common from April to September. We find statistically significant decreasing
trends in the DM, MP, and MM weather types and increasing trends in the DT and MT weather types.
The results suggest that, generally, the number of days with cool and moderate conditions in Kenya
is decreasing, while the number of days with warmer conditions is increasing. This research indicates
the potential for the SSC to be utilized in different applications in East Africa including investigating
heat vulnerability, as increasing temperatures could be a significant risk factor to human health.

Keywords: climate change; East Africa; synoptic classification; weather types

1. Introduction

Synoptic weather typing is a common approach in many climate impact studies. The
goal of synoptic climatology is to understand the relationship between the surface envi-
ronment and the overlying atmospheric circulation [1], which has become increasingly
important for global climate change studies and societal implications. Synoptic climatolo-
gists employ two main methods to characterize weather: map pattern-based classifications
and air mass-based classifications. The former focuses on characterizing the atmosphere
surrounding a specific location commonly using pressure or wind fields, while the latter
involves classifying days based on air masses with similar thermal and moisture char-
acteristics [2]. Despite the differences, both map pattern-based techniques and air mass
classifications are greatly utilized in studying environmental phenomena and global envi-
ronmental change. The choice of which method to use is primarily dependent upon the
type of environmental phenomena being evaluated and the researcher’s goals. In bioclima-
tology research, for instance, classifications based on air masses may have some practical
advantages over those based on pressure and wind fields [2]. This is because organisms
generally respond to the thermal and moisture characteristics of the atmosphere [3] rather
than to the pressure or wind fields indirectly.

One of the most comprehensive air-mass classifications is the SSC [4]. The SSC
was initially developed for the Eastern and Central USA and subsequently modified
and expanded geographically [2,4]. This classification scheme, based on a numerical
characterization of weather types using surface weather data, has proven to be a valuable
analytical tool in various climatological investigations worldwide. It utilizes a combination
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of weather variables, such as temperature, dew point, air pressure, wind speed, wind
direction, and cloud cover, to categorize the state of the atmosphere into seven weather
types specified a priori [4]. It has been used in over 100 published articles from topics
such as urban heat islands [5] to past and future climatic variability [6-8]. The SSC has
gained the most traction in climate and health applications. Studies have found that certain
oppressive SSC types of the MT/MT+ and DT/DT+ are associated with increased risks
to human health [9]. For instance, Lee et al. [10] observed that the DT weather type was
associated with an increase in mortality during early summer months in select cities of
Republic of Korea. Despite its wide range of applications, there is limited use of the SSC
outside the midlatitudes, especially in developing nations with restricted access to reliable
climate data [11]. It is believed that the SSC or similar research has not been developed for
East Africa or utilized in research within the region.

The purpose of this paper is to develop a Spatial Synoptic Classification Scheme
for East Africa with a focus on Kenya, and to analyze climatological trends based on
the SSC weather types. Kenya is one of the largest and most populated countries in the
region, and its latitude on the equator provides a central location for the study domain
and the processes that influence climate in the region. Given its potential for the spatial
and temporal analysis of climatic variability, the development of the SSC for Kenya and
other tropical countries may prove to be valuable for climate research. Like most African
countries, Kenya is vulnerable to the impacts of climate variability and change [12]. For
example, in recent years, it has witnessed an increase in frequent and extreme droughts
exacerbated by the decline in March-May (MAM) rains [13], leading to loss of lives and
contributing to socioeconomic instability [14].

In studies analyzing climate change, the temporal evolution of individual weather
variables such as air temperature has been given more attention [15], compared to the time
series of groups of weather variables. The knowledge and prediction of the evolution of
groups of weather variables with respect to climate change impacts is of greater concern,
as organisms typically respond to the synergistic behavior of a range of atmospheric
variables that affect it, rather than to a single weather variable such as air temperature [16].
Therefore, this study aims to improve the understanding of the climate in Kenya, paying
more attention to temporal changes in groups of weather variables.

In this research, the SSC for Kenya was developed using the fifth generation of the
European ReAnalysis (ERAS5) data [17] for the years 1959-2022. The specific objectives
were as follows: (1) to examine the dominant SSC weather types over Kenya and their
thermal and moisture characteristics; (2) to determine the frequency of each weather type
on both an annual and seasonal basis; and (3) to determine whether there is coherence
between the different SSC weather types and climate variability and seasonality in Kenya.
It is hoped that the results from this research will open more avenues for SSC applica-
tions in the tropics and, in particular, in African countries, where its application remains
very limited.

2. Background
2.1. Climate of Kenya

Under the updated Koppen-Geiger classification [18], Kenya is dominated by an arid
climate—arid steppe hot (BSh) and arid desert hot (BWh)—with over 80% of the country
classified as arid or semi-arid lands (ASALs). In general, the lower elevation coastal region
is characterized by hot and humid conditions due to its proximity to the Indian Ocean
(Figure 1). The Eastern and Northeastern regions are mostly ASALs characterized by
high temperatures and low rainfall totals, while the Central and Rift Valley highlands
are characterized by lower temperatures and high precipitation totals. The mean annual
temperature and precipitation of select towns in Kenya for the years 1991-2020 is found in
Table 1.
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Figure 1. Area of study. A topographical elevation map (m) of Kenya enclosed in the red boundary.

Table 1. Mean annual surface temperature and precipitation of different towns in Kenya (1991-2020).

Town Region Temp (°C) Rainfall (mm)
Mombasa Coastal 26.6 1034.0
Marsabit Northern 27.0 513.0
Kitui Eastern 25.3 696.0
Wajir Northeastern 27.9 410.0
Nairobi Central 18.9 913.0
Kericho Rift Valley 18.3 1654.0

Note: Data for mean annual surface temperature and precipitation in Kenya were obtained from World Bank
Group, Climate Knowledge Portal (2024) [19].

The rainfall pattern is bimodal with two rainy seasons, March-May (long rains) and
October-November (short rains), and two dry seasons, with high inter-annual and spatial
variability [20,21]. The main explanation for the two rainy seasons is the North-South
movement of the Inter Tropical Convergence Zone (ITCZ) [22]. Other precipitation controls
include local topographical features such as Mount Kenya and Lake Victoria, large-scale
controls such as the Madden Julian Oscillation [23], El Nifio Southern Oscillation [20], and
the Indian Ocean Dipole (IOD) [24,25]. For instance, warming (cooling) in the western
Indian Ocean is associated with a positive (negative) phase of the IOD. The positive phase
of the IOD is associated with enhanced precipitation over Kenya [26].

2.2. Spatial Synoptic Classification

The SSC is based on the classification of daily surface weather conditions at a particular
location into one of the seven weather types. In the SSC approach, weather types are based
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on the identification of homogeneous groups of weather variables, rather than distinct
source regions [4]. Therefore, the weather type present in a particular region can vary
between different locations on the same day, depending on the prevailing synoptic weather
patterns and the local terrain characteristics. The following are generic descriptions of
the SSC weather types, although for Kenya, these descriptions could be modified with an
emphasis on tropical meteorology and more detailed analysis and understanding:

Dry polar (DP)—associated with the lowest temperatures in a region for a particular
time of year, as well as with clear skies and dry conditions.

Dry moderate (DM)—associated with dry, mild conditions. It arises when a traditional
air mass such as Moist Tropical (MT) has been advected far from its source region and, thus,
modified considerably.

Dry tropical (DT)—created through either advection from arid regions, rapidly de-
scending air either via orography, or subsidence of air. It is associated with the hottest and
driest conditions in a particular region.

Moist polar (MP)—cloudy, humid, and cool conditions. Primarily created through
inland transport of cool maritime air.

Moist moderate (MM)—markedly warmer and more humid than MP. It can arise
within an MT air mass on days when high cloud cover suppresses the temperature.

Moist tropical (MT)—warm to hot and humid.

Transitional (TR)—represents days that characterize a shift from one weather type to
another based on large changes in pressure, dew point, and wind over the course of the day.

In response to the limited applicability of the SSC weather types in the warm tropics
and sub-tropics where one weather type dominates most of the year, MT+ (muoist tropical
plus) and MT++ (moist tropical double plus) were developed to represent excessively hot
and humid environments. Other subsets include DP+, DP++, DT+, DT++, MP+, MP++,
TR+ and TR++. The subsets are based on being one standard deviation or more from the
mean for the type based on thermal characteristics. For DP and MP, this would be one
standard deviation below the mean apparent temperature, and for DT and MT, one above.
All SSC descriptions are acquired from http:/ /sheridan.geog.kent.edu/ssc.html (accessed
on 10 May 2024).

3. Materials and Methods

For SSC development, ERA5 hourly reanalysis data [17] with a horizontal resolution
of 0.25° x 0.25° degrees latitude and longitude were utilized. ERA5 is the latest reanalysis
of the European Centre for Medium-Range Weather Forecasts (ECMWF) and provides
an upgrade to the previously used ERA-Interim [27]. In general, atmospheric reanalysis
has generated increasing interest in the recent decade, due to its ability to provide long,
complete, and consistent time series of multiple meteorological parameters [28]. In this
research, the ERA5 data provided meteorological variables in areas with historically lit-
tle coverage of synoptic stations. The ERA5 data were obtained for the years 1959-2022
for the geographical coordinates surrounding Kenya at latitude 5° N-5° S and longitude
34° E-42° E (Figure 1). Six meteorological variables (air temperature, dew point temper-
ature, mean sea level pressure (MSLP), wind direction, wind speed, and cloud cover) at
six-hour intervals (0300, 0900, 1500, and 2100 GMT) were utilized in the analysis.

Based on the SSC version 3 (SSC3) approach [4] (https:/ /sheridan.geog.kent.edu/
ssc3.html, accessed on 20 August 2024), seed days are automatically selected based on
the latitude, month of the year, mean and standard deviation of the weather variable for
the month, and annual temperature range. Seed days are those that represent the typical
surface meteorological characteristics of each weather type at a particular location [4].
Algorithms are used to produce theoretical seed days for each weather type for each day
of the year [4,29]. Actual meteorological conditions are then compared to the seed days,
and each day is classified as the weather type it most closely resembles (lowest error
score based on equal-weighted z-scoring). Once this process is complete, a weather-type
calendar becomes available whereby each day in a particular location for the study period
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is classified into one of the SSC weather types. The weather calendar created for Kenya can
be found at http:/ /sheridan.geog.kent.edu/ssc3.html (accessed on 20 August 2024) with
the station code “KEN".

The SSC3 approach developed in 2019 represents a methodological advance over the
SSC2 (https:/ /sheridan.geog.kent.edu/ssc3.html, accessed on 20 August 2024). The SSC2
approach originally developed for North America was a hybrid method and required a
time-consuming manual identification of seed days for each of the weather types for each
station in a region. The SSC2 approach needed stations with long records of data to ensure
that there were enough seed days for each SSC type for each year. The concept of the
5SC3 is similar to SSC2 and SSC1; however, the automation of the seed day criteria makes
the SSC3 easily reproducible. Furthermore, the SSC3 approach (based on pre-defined
regression models) has made it possible for the utility of gridded data in SSC development.
Previous SSC versions (SSC1 and SSC2) utilized weather station data. More information
on the methodology of SSC 1 (developed for select stations within the United States) and
SSC 2 (originally developed for North America and expanded to Europe) can be found in
Kalkstein et al. [2], Sheridan [4], and Bower et al. [30], respectively.

Once the SSC calendar was developed, the frequency of occurrence of each weather
type was computed as a percentage of the total number of days in the study period.
Similar to Senkbeil et al. [7], Ordinary Least Squares (OLS) regression was used to explore
trends in annual and seasonal weather type frequency throughout the 1959-2022 period.
A Kolmogorov-Smirnov (K-S) test was used to test for normality of the weather type
frequencies. For the interannual frequencies, only the DM and MT weather types had a
normal distribution. For the seasonal frequencies, the DJF (DT, MP, MM, TR, DT+, and
MT+), MAM (DT, MP, MM, TR, DT+, and MT+), JJA (DM, DT, MP, MM, TR, DT+, and
MT+), and SON (DM, DT, MP, MM, TR, DT+, and MT+) weather types were found to
be non-normally distributed. Non-parametric Mann-Kendall trend tests were used in
conjunction with OLS regression for the weather types with non-normally distributed data.

4. Results and Discussion
4.1. SSC Weather Type Characteristics in Kenya

The meteorological conditions of the SSC weather types for Kenya are found in Table 2.
Each weather type represents distinct thermal and moisture characteristics. The coolest
weather type is the MP type with temperatures ranging from 23-26 °C annually. Its cloud
cover range has the highest values, suggesting cool and cloudy conditions.

Table 2. Meteorological conditions of each SSC weather type in Kenya at 1500z. Each weather type
represents distinct thermal and moisture characteristics.

DM DT MpP MM MT TR DT+ MT+
Temperature (°C) 2629 27-31 23-26 24-27 25-29 26-30 27-32 27-31
Dew Point (°C) 13-18 12-16 14-19 15-20 15-19 11-16 12-17 15-18
Cloud Cover (10 ths) 4-6 3-5 7-8 6-8 5-7 3-5 3-5 4-6
Wind Speed (Km/h) 7-15 7-16 6-12 7-12 7-14 7-18 11-13 10-13
Apparent Temperature (°C) 2628 27-30 24-27 24-28 26-29 26-28 27-31 26-31

The warmest weather type is the DT+, with temperatures ranging from 27 to 32 °C
throughout the year. Notably, the DT type has the lowest cloud cover fraction, suggesting
clear skies, dry, and hot conditions. It is interesting to note that other than the MP, MM, and
MT weather types, all other weather types in Kenya have lower mean apparent temperature
values compared to the air temperature values. This is most likely due to the low dew point
temperatures and low cloud cover associated with many of these weather types in Kenya.

Despite similarities in the generic nature of the SSC weather types globally, there
are differences in their absolute physical characteristics, reflecting regional climatological
differences. For instance, as expected, the MP type in Kenya is milder compared to the
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North American [4] and European [30] counterparts. In addition, the SSC weather types in
Kenya have a low annual temperature range, characteristic of regions closer to the equator.
In contrast, the SSC types in the subtropics have larger annual temperature variability
reflecting seasonal changes.

4.2. Seasonality of the SSC Weather Types

Seasonality in Kenya is displayed in the SSC patterns. Table 3 shows the mean
frequencies of occurrence of each SSC weather type over Kenya. Annually, the MT and
DM weather types occur most often at frequencies of 40.3% and 28.2%, respectively. The
DM weather type dominates the months of January (39.7%) and February (39.6%). January
and February are linked to the DJF dry season in Kenya. Similarly, the DT and DT+ types
occur most frequently in the DJF dry season with peak frequencies of 14.6% and 4.9% in
January, respectively. The MT weather type dominates the months of April (44.7%), May
(44.9%), June (49.9%), July (56.1%), and August (51.9%). May is linked to the peak of the
MAM rain seasons, which are associated with cloudy and wet conditions. July is linked
to the JJA dry season associated with cooler and dry conditions over most of Kenya with
some precipitation over the Western Highlands and Coastal area [20]. Low precipitation
amounts in this season are associated with enhanced wind divergence and wind shear
due to the strengthening of the Somali Jet [31]. This monsoonal flow lasts from June to
September bringing relatively dry and cool air from the Southern Hemisphere, resulting in
atmospheric stability in Eastern Kenya [32]. The presence of the East African highlands
plays an integral role in the confinement of the meridional flow of this jet along the coast
with southerly flow in the boreal summer and northerly flow in the boreal winter [33]. The
TR weather types in Kenya have a bimodal peak in April (10.2%) as the ITCZ transitions
north of the equator, and in November (13.3%) as it retreats southwards.

Table 3. Mean monthly frequencies of the SSC weather types in Kenya, 1959-2022 (Unit %). DT+ and
MT+ weather types are part of the DT and MT weather types. The percentage values for DT+ and
MT+ are separate from the other seven weather types and not included in the total mean values.

DP DM DT MP MM MT TR DT+ MT+
January 0.0 39.7 14.6 3.8 54 27.6 8.9 49 1.3
February 0.0 39.6 11.4 43 5.5 30.5 8.7 3.0 2.7
March 0.0 24.7 12.9 6.9 11.5 34.3 9.7 3.8 4.0
April 0.0 14.4 7.1 6.1 17.5 447 10.2 2.1 3.1
May 0.0 23.1 5.8 5.8 14.7 44.9 5.7 0.8 49
June 0.1 27.9 5.5 1.9 9.2 49.9 5.6 1.0 5.7
July 0.0 23.6 5.6 0.4 8.2 56.1 6.1 0.8 59
August 0.0 25.3 7.3 1.0 7.4 51.9 7.2 1.6 49
September 0.0 25.7 7.2 0.4 8.2 49.7 8.9 2.0 4.3
October 0.0 299 10.0 2.3 11.6 33.8 12.4 3.2 3.8
November 0.0 29.5 7.8 5.7 13.6 30.1 13.3 3.5 2.1
December 0.0 35.2 8.6 49 10.6 29.2 11.5 44 0.9
Total 0.0% 28.2% 8.6% 3.6% 10.3% 40.3% 9.0% 2.6% 3.6%

Annually, the DP and MP weather types rarely occur. The MP type occurs at a
frequency of 3.6% and the DP type at a frequency close to 0% (Table 3). The DP weather
type only penetrates the region in June (0.1%).

4.3. Trends in SSC Weather Types
4.3.1. Interannual Variability

The long-term annual trends in the occurrence of the different SSC weather types in
Kenya were analyzed from 1959 to 2022. Statistically significant trends show a decrease in
the frequency of occurrence of the DM, MP, and MM weather types, and an increase in the
occurrence of the DT and MT weather types (Figure 2). The DM weather type occurred at
an average frequency of approximately 50% in the 1960s and has declined to 13% in the
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past decade (p < 0.001, r? = 0.626) (Table 4). The DT (p < 0.001) and MT (p < 0.001, r? = 0.502)
weather types have increased in occurrence from a mean frequency of approximately 2%
and 14% in the 1960s to 12% and 43% in the past decade. The frequency of occurrence of
the oppressive weather types of DT+ (p < 0.001) and MT+ (p < 0.001) has also increased
from 0.1% to 7% and 10%, respectively, over the same timeframe. This suggests that there is
a general decline in the frequency of occurrence of cool and moderate conditions in Kenya,
and an increase in the occurrence of days with warmer temperatures, indicating that the
region has been affected by long-term changes in climate.

Interannual SSC Frequencies
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Figure 2. Mean annual frequency change of SSC weather types over Kenya for the period 1959-2022.
Trend statistics are found in Table 4.

Table 4. SSC interannual trend statistics for Kenya (1959-2022) and 1?2 values for interannual frequency
change. p values for both OLS and MK tests: bold (OLS) = p < 0.05, italics (MK) = p < 0.05.

SSC DM DP DT MM MP MT TR MT+ DT+
72 0.626 0.502
P <0.001 055 <0.001  0.004 <0.001 <0.001 0.18 <0.001  <0.001

The increase in warmer weather types in Kenya is in agreement with previous studies
of an increasing trend in temperature over the region. Ayugi and Tan [34] found that
the mean maximum (minimum) temperature in Kenya had increased by 1.2 °C (0.3 °C)
between 1971 and 2010. Ongoma et al. [35] found a decrease in the diurnal temperature
range over Kenya, with a likelihood of warm days increasing and a reduction of cooler
nights in the future. Gebrechorkos et al. [36] found an increasing trend in temperature
over East Africa between 1979 and 2010 with an increasing trend in T-max (up to 1.9 °C)
and T-min (up to 1.3 °C) in Kenya. In addition, local studies found an increasing trend
in temperature in the Northern Arid and Semi-Arid Lands (ASALs) of Kenya (Turkana,



Climate 2024, 12, 133

8 of 15

Marsabit, Samburu, and Isiolo) between 1961 and 2013, with an increase in mean seasonal
maximum and minimum temperature by 0.74 °C and 0.60 °C, respectively [37].

To further investigate these long-term changes in climate, this research also used 2 m
temperature anomalies over East Africa as well as Indian Ocean Sea Surface Temperature
(SST) anomalies from different reanalysis datasets. The results from the reanalysis datasets
(Figure 3) show consistently positive air temperature anomalies in the region from the early
2000s. This warming trend is consistent with the increasing trend of the DT weather type
in Kenya and decreasing trend of the DM, MP, and MM weather types. SST anomalies
over the Indian Ocean are also consistently positive from the late 1990s. SSTs are a critical
ocean parameter known to influence weather and climate over adjacent land areas. Studies
have found that sea surface temperatures in the tropical Indian Ocean have been increas-
ing [38,39] and the rate of warming is fastest among tropical oceans [40]. The increased
temperatures and expansion of the Indian Ocean warm pool could be associated with the
increase of the MT/MT+ weather types over Kenya; however, more research is needed to
examine the relationship between the SSC weather types and atmospheric flow regimes
over the region.
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Figure 3. Cont.
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Figure 3. (A) Annual 2 m temperature (°C) anomaly (1948-2022) relative to 1951-2000 average
temperature. Eastern Africa (20° S-12° N, 25° E-52° E). Data source: NCEP/NCAR reanalysis data.
(B) Same as A but data source is ECMWEF ERA 5 reanalysis data. (C) Annual Indian Ocean sea surface
temperature (°C) anomaly (1940-2023) relative to 1951-2000 average temperature. Indian Ocean
(50° S-25° N, 40° E-110° E). Data source: ECMWEF ERA 5 reanalysis data. (D) Annual Indian Ocean
sea surface temperature (°C) anomaly (1979-2018) relative to 1979-2000 average temperature. Indian
Ocean (50° 5-25° N, 40° E-110° E). Data source: ECMWF ERA-Interim reanalysis data. Source:
Climate Reanalyzer, Climate Change Institute, University of Maine https://climatereanalyzer.org/
(accessed 27 February 2024). Red represents higher than average temperatures and blue represents
lower than average temperatures.

4.3.2. Seasonal Variability

The frequencies of all seven weather types and subsets were assessed for seasonal
trends to better understand the interannual trends. Long-term seasonal variations of the
SSC weather types indicate that in the DJF season, the DT (p < 0.001, 3.8% per decade)
and MT (p < 0.001, 4.7% per decade) weather types have statistically significant increasing
trends (Figure 4 and Table 5). The DM (p < 0.001, —7.0% per decade) and MP (p < 0.001,
—1.0% per decade) weather types have statistically significant decreasing trends. In the
MAM long rains season, the DT (p = 0.002, 2.1% per decade) and MT (p < 0.001, 7.1%
per decade) weather types have statistically significant increasing trends, while the DM
(p < 0.001, —=5.1%), MP (p < 0.001, —2.8% per decade), and MM (p = 0.016, —1.6% per
decade) weather types have statistically significant decreasing trends (Figure 5). In the JJA
season, the DT (p < 0.001, 2.4% per decade) and MT (p = 0.008, 6.9% per decade) weather
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types have statistically significant increasing trends, while the DM (p < 0.001, —7.2% per
decade), MM (p = 0.001, —1.6% per decade) and MP (p = 0.028, —0.1% per decade) weather
types have statistically significant decreasing trends (Figure 6). In the SON short rains
season, the DT (p < 0.001, 2.4% per decade) and MT (p < 0.001, 9.2% per decade) weather
types have statistically significant increasing trends, while the DM (p < 0.001, —9.0% per
decade), MP (p < 0.001, —1.0% per decade) and TR (p = 0.025, —1.9% per decade) weather
types have statistically significant decreasing trends (Figure 7). In all seasons, there is a
general decline in the occurrence of the cool and mild weather types and an increase in the
warmer weather types, which also matches the interannual trends.

DJF Seasonal S5C Frequencies
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Figure 4. December—February (DJF) frequency change (%) in SSC weather types for each year
(1959-2022) with statistically significant linear trendlines. Trend statistics are found in Table 5.

Table 5. SSC seasonal trend statistics for Kenya (1959-2022). r? values for weather type fre-
quency change for each season. p values for both OLS and MK tests: bold (OLS) = p < 0.05,
italics (MK) = p < 0.05. A indicates mean change in frequency in % per decade.

DM DT MM MP MT TR MT+ DT+
DJF 2 0.535 0.485
P <0.001 <0.001 0.581 <0.001 <0.001 0.642 <0.001  <0.001
A —7.0 3.8 0.0 -1.0 47 -05 0.7 1.7
MAM 2 0.474 0.324
P <0.001  0.002 0.016 <0.001 <0.001 0.829 <0.001  <0.001
A -51 2.1 -16 —28 7.1 0.3 1.8 1.0
TJA r? 0.108
P <0.001 <0.001 <0.001 0.028 0.008 1.0 <0.001  <0.001
A -72 24 -16 —0.1 6.9 -0.2 2.8 0.5
SON 2 0.658
P <0.001 <0.001 0315 0.001 <0.001  0.025 <0.001  <0.001
A —9.0 24 0.2 -1.0 9.2 -19 1.4 1.2
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MAM Seasonal SSC Frequencies
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Figure 5. March-May (MAM) frequency change (%) in SSC weather types for each year (1959-2022)
with statistically significant linear trendlines. Trend statistics are found in Table 5.
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Figure 6. June-August (JJA) frequency change (%) in SSC weather types for each year (1959-2022)
with statistically significant linear trendlines. Trend statistics are found in Table 5.
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SON Seasonal SSC Frequencies
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Figure 7. September-November (SON) frequency change (%) in SSC weather types for each year
(1959-2022) with statistically significant linear trendlines. Trend statistics are found in Table 5.

5. Conclusions

In this research, an SSC scheme for Kenya was developed and utilized to identify
trends in weather type frequency from 1959 to 2022. The monthly frequencies of each
weather type were examined, as were annual and seasonal trends over the study period.
The results revealed that annually, the dominant SSC weather types in Kenya are the MT
and DM weather types. The dry weather types (DM and DT) occur most frequently in
the DJF dry season, with peak frequency in January (39.7% and 14.6%, respectively). The
TR weather types have a bimodal peak in April and November, which is in agreement
with the northward and southward movement of the ITCZ across equatorial East Africa.
The MT type occurs most frequently from April to September with peak frequency in July
(56.1%). The temporal variations in the SSC weather types show coherence with the general
climatology of Kenya. Nevertheless, the relatively high frequency of occurrence of the DM
types in the MAM and SON rainy seasons, and MT types in the JJA dry season, calls for
further research potentially incorporating vertically integrated moisture to understand
moisture transport as it relates to the SSC types in Kenya.

Analysis of the annual and seasonal trends uncovered evidence of climate change in
Kenya. The temporal variation in the SSC weather types shows clear long-term trends.
Overall, statistically significant trends between 1959 and 2022 show a decreasing trend
of the moderate weather types of the DM, MP, and MM types and an increasing trend of
the MT/MT+ and DT/DT+ weather types in the region. There is a significant increase
in the DT frequency, approaching 4% per decade in the DJF season at the expense of the
DM type, which decreases sharply within the same season. The MT type also increases
significantly in the MAM, JJA, and SON seasons, with a significant decrease in the DM type
in the same seasons. The increase in the warmer weather types in Kenya may be attributed
to increasing global temperature [41] coupled with other local factors such as land use and
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land cover changes [42]. However, an analysis of the extent to which local factors such as
urbanization influence our findings is outside the scope of this research.

While we did not directly examine the spatial variation of the weather types, this
research provides valuable information about the temporal variability of the SSC types
in Kenya. The analysis of the frequency of individual weather types allows for an un-
derstanding of climatic variability and change. In addition, this analysis advances our
understanding of temporal changes in the relative severity of climatic conditions in Kenya
in terms of the physical characteristics of the oppressive weather types.

It is evident that the SSC, previously largely utilized in the sub-tropics and mid-
latitudes, provides useful climate information in the tropics. The developed SSC weather
types have the potential to be utilized to assess various environmental phenomena in
Kenya. Previously, the SSC has been applied to study climate change [6,16,30], air pollution
and health [43-45], ozone variability [29,46], precipitation [47-49], and weather and tree
growth [50]. Therefore, this research may open similar avenues in East Africa.

In addition to that, the simultaneous consideration of several weather variables, a
key strength of the SSC, has been leveraged in developing heat-health watch-warning
Systems (HHWWS) in select cities in the USA, Canada, Republic of Korea, Italy, and
China [51-54]. Using the SSC, spatial and temporal variability as well as the persistence
of surface meteorological characteristics can be related to human health outcomes. As
it is likely that the number of warm days surpassing deadly thresholds will increase in
frequency in the 21st Century, with a greater increase in the tropics [55], there is a need for
future studies to explore the applicability of the SSC in developing HHWWS in Kenya and
East Africa. The findings of this research will be linked to atmospheric flow patterns in
subsequent research to further examine changes in atmospheric flow that are potentially
associated with the increases in DT and MT found in this research.
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