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Abstract

Due to their potential role in organizing tropical mesoscale convective systems, a better understanding of cold pool (CP)

dynamics in such regions is critical, particularly over land where the diurnal cycle further concentrates convective activity.

Numerical models help disentangle the processes involved but often lack observational benchmark studies. To close this gap, we

analyze nearly 43 years of five-minute resolution near-surface timeseries records from twelve automatic weather stations across

equatorial Africa. We identify 4289 CPs based on criteria for temperature and wind. The identified CP gust fronts, which

exhibit respective median temperature and specific humidity decreases of 5.2 K and 2.8 g/kg, closely correlate with satellite-

observed brightness temperature discontinuities. Despite weak diurnal variation in precipitation, observed CP occurrence shows

a pronounced diurnal cycle with an afternoon peak — a finding we attribute to low-level moisture conditions. Our findings can

serve as observational benchmark to improve simulations of CP organization.
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Key Points:10

• 4289 cold pools are identified across equatorial Africa based on temperature and11

wind criteria.12

• The occurrence and intensity of the observed cold pools are related to low-level13

moisture conditions and the depth of convection.14

• The identified cold pool gust fronts closely correlate with satellite-observed bright-15

ness temperature discontinuities.16
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Abstract17

Due to their potential role in organizing tropical mesoscale convective systems, a bet-18

ter understanding of cold pool (CP) dynamics in such regions is critical, particularly over19

land where the diurnal cycle further concentrates convective activity. Numerical mod-20

els help disentangle the processes involved but often lack observational benchmark stud-21

ies. To close this gap, we analyze nearly 43 years of five-minute resolution near-surface22

timeseries records from twelve automatic weather stations across equatorial Africa. We23

identify 4289 CPs based on criteria for temperature and wind. The identified CP gust24

fronts, which exhibit respective median temperature and specific humidity decreases of25

5.2K and 2.8 g/kg, closely correlate with satellite-observed brightness temperature dis-26

continuities. Despite weak diurnal variation in precipitation, observed CP occurrence shows27

a pronounced diurnal cycle with an afternoon peak — a finding we attribute to low-level28

moisture conditions. Our findings can serve as observational benchmark to improve sim-29

ulations of CP organization.30

Plain Language Summary31

Convective cold pools form when rain evaporates underneath thunderstorm clouds.32

The evaporation causes the air to cool and sink toward the ground, where it is deflected33

horizontally. Cold pools are thus associated with strong gusty winds, and over tropical34

land, they can be especially vigorous. Cold pools are also suggested to contribute to the35

organization of thunderstorm clouds into large clusters of rain-producing areas. The widespread,36

heavy rainfall can then cause flooding. To better predict such flooding in numerical weather37

models, having a precise observational basis for cold pool properties is essential — yet38

currently missing in equatorial Africa. We here provide such an observational benchmark39

by analyzing thousands of cold pools using timeseries of near-surface temperature, wind,40

humidity and precipitation. We additionally show that the cold pools can even be de-41

tected from satellite data when analyzing abrupt changes in cloud top temperature. Such42

satellite-based detection could open for cold pool studies across all tropical land areas43

— of great practical relevance to the prediction of thunderstorm clusters.44

1 Introduction45

Convective cold pools (CPs) are caused by the evaporation of rainfall beneath deep46

convective clouds (Zuidema et al., 2017). The resultant denser air volume within the sub-47

cloud layer spreads out laterally along the surface and is known to cause a so-called "gust48

front" along its edges. The gust front features strong horizontal and vertical winds along49

with moisture and temperature anomalies which together can give rise to additional deep50

convective events, e.g., under collisions (Purdom, 1976; Feng et al., 2015). CPs are thus51

important agents in mediating interactions between deep convective cells and thus the52

self-organization of thunderstorm systems (Simpson, 1980; Tompkins, 2001b; Haerter et53

al., 2019; Jensen et al., 2021).54

Recent idealized cloud-resolving and large-eddy simulations have provided new quan-55

titative and qualitative insight into CP structure and dynamics, such as scaling analy-56

sis to obtain a required mesh resolution (Fiévet et al., 2022), the potential origin of mois-57

ture rings (Langhans & Romps, 2015; Drager et al., 2020), and insight into interaction58

mechanisms (Tompkins, 2001a; Torri et al., 2015; Meyer & Haerter, 2020; Haerter et al.,59

2020). Such simulation studies have also triggered a range of simplified conceptual mod-60

els, (Böing, 2016; Haerter, 2019; Haerter et al., 2019; Nissen & Haerter, 2021; Niehues61

et al., 2022), which may help elucidate some of the organizing mechanisms involved. New62

methods of CP detection in numerical studies have also been developed, which help au-63

tomatize the tracking of CP gust fronts and their interactions in space and time (Gentine64

et al., 2016; Torri & Kuang, 2019; Fournier & Haerter, 2019; Henneberg et al., 2020; Hoeller65

et al., 2022; Hoeller, Fiévet, & Haerter, 2023).66
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Despite this progress in numerical and theoretical work, direct measurements of CPs67

are still limited to specific geographic regions, such as the tropical and sub-tropical ocean68

(Zipser, 1977; Zuidema et al., 2012; Vogel, 2017; Chandra et al., 2018; Vogel et al., 2021),69

and mid-latitude continental regions in Central Europe (Kirsch et al., 2021; Kruse et al.,70

2022) or North America (Mueller & Carbone, 1987; Wakimoto, 1982; Engerer et al., 2008;71

Hitchcock et al., 2019; van den Heever et al., 2021). With a focus on dust storms, in semi-72

arid tropical regions a CP detection method was suggested based on surface measure-73

ments and satellite microwave data (Redl et al., 2015).74

The importance of collecting information on CPs and precipitation in deep trop-75

ical regions has been pointed out (Adams et al., 2015) but systematic, climatological stud-76

ies on CPs in such regions are still rare or lacking. This may partially be due to diffi-77

cult environmental conditions which pose challenging demands on equipment and main-78

tenance (Parker et al., 2008). Also the availability of funds may hinder systematic long-79

term campaigns in some regions. A notable exception is the trans-African hydro-meteorological80

observatory (TAHMO) which offers a promising network of station measurements in many81

sub-Saharan African countries (van de Giesen et al., 2014). Using a range of stations from82

the TAHMO network, we here present a climatology of CP measurements for equato-83

rial Africa and compare findings to previous work in other geographic regions.84

2 Data85

2.1 Station data86

We utilize data from twelve ATMOS41 automatic weather stations (AWS) in equa-87

torial Africa (Fig. 1), operated by TAHMO (TAHMO, 2023). The stations are situated88

in Cameroon, the Democratic Republic of the Congo (DR Congo), Nigeria, and Uganda.89

In order to investigate the influence of regional climatic differences on CPs, we group sta-90

tions according to their respective deployment countries in the following analysis.91

The AWS provide data at a temporal resolution of five minutes. All stations are92

installed at an approximate height of two meters above the surface. For our analysis, we93

employ the station records of precipitation, atmospheric pressure, air temperature, rel-94

ative humidity, and wind gust speed. To derive the wind gust speed, the ATMOS41 mea-95

sures the instantaneous wind speed every ten seconds and outputs the maximum instan-96

taneous wind speed value within the corresponding five-minute interval as wind gust speed.97

If an instantaneous wind speed is larger than eight times the running average of the pre-98

vious ten instantaneous measurements, the measurement is rejected. While this method99

may prevent spurious spikes in the wind record under normal conditions, it can cause100

missing wind data in cases of large and sudden wind changes. Given the frequent occur-101

rence of such strong wind variations associated with CP gust fronts, approximately 22%102

of all identified CPs have an incomplete wind record.103

We analyze the data recorded by the stations from January 1, 2019, to September104

30, 2023. As not all stations were operational throughout the entire period, we limit our105

analysis for each station to days with complete air temperature record. Additionally, we106

require the air temperature to be recorded for a minimum of ten consecutive minutes from107

the previous day and for the subsequent 120 minutes on the following day. The result-108

ing number of analysis days per station is indicated in Fig. 1. In total, we analyzed 15602109

days and thus nearly 43 years of station data.110

Based on the station-measured variables, we additionally compute both mixing ra-111

tio, r and saturated mixing ratio, rsat (see Text S1), and derive the mixing ratio deficit,112

rD ≡ rsat − r and the specific humidity, q ≡ r/(1 + r).113

–3–
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Figure 1: Employed weather station data. Map of equatorial Africa with station
locations (filled black circles) utilized in this study. Numbers represent available days of
station data with a complete record of air temperature, T . The stations are grouped into
four regions denoted by the colored circles: Cameroon (blue), Democratic Republic of the
Congo (yellow), Nigeria (green), Uganda (red). The area of colored circles is proportional
to the available days of station data.

2.2 Satellite data114

Apart from the station data, we utilize infrared brightness temperature measure-115

ments which we derive from satellite-measured effective radiances. The radiances are ex-116

tracted from Meteosat Second Generation (MSG) 0° products provided by the European117

Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) (EUMETSAT,118

2023). The data has a baseline repeat cycle of 15min and a spatial resolution of 3 km119

in the sub-satellite point. To convert the radiances to brightness temperatures we em-120

ploy equation 5.3 and the corresponding regression coefficients of EUMETSAT (2012).121

3 Methods122

3.1 Cold Pool Detection Algorithm123

(i) Temperature criterion. A potential CP event is detected at a given time t if three124

conditions apply: similar to Kirsch et al. (2021) we require a substantial temperature125

decrease ∆T ≤ −2K, within the 20min window from t − 5min to t + 15min. Ad-126

ditionally, we require the decrease of ∆T to be monotonic and T (t)− T (t− 5min) ≤127

0.5K.128

(ii) Wind criterion. To verify detected potential CP events, we adapt the wind cri-
terion introduced by Kruse et al. (2022). For this purpose, we compute the wind gust
anomaly for each time t as

∆ug(t) ≡ ug(t)− ug(t) , (1)

where ug is the wind gust speed and ug its centered 2-hour running mean, i.e., the mean129

value of the 25 wind gust speeds recorded during the the corresponding 2-hour window.130

For a potential CP event at time t we identify the maximum wind gust anomaly,
∆umax

g , between t− 20min and t+ 40min. We consider it as CP event if

∆umax
g ≥ ∆ug(t) + 3σ∆ug

(t) , (2)

–4–
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with the centered 24-hour running mean of the wind gust anomaly, ∆ug, and the cor-131

responding 24-hour running standard deviation, σ∆ug .132

As the CP onset is defined based on the temperature criterion, we also search for133

associated wind gusts in a 20min time window before CP onset. We choose 20min rather134

than the 10min used by Kruse et al. (2022) since our temperature criterion involves a135

minimum decrease of −0.5K within 5min to define the onset of potential CPs and might136

thus delay the onset in comparison to Kruse et al. (2022). The 40min time window af-137

ter CP onset allows significant wind offsets while ensuring a temporal relation between138

∆T and ∆umax
g .139

In case of missing wind gust anomalies between t−20min and t+40min, we iden-
tify the maximum wind gust, umax

g within this time window rather than ∆umax
g and con-

sider the event a CP if

umax
g ≥ ug(t− 80min) + 2σug

(t− 80min) . (3)

By evaluating the centered 2-hour running mean ug and the corresponding stan-140

dard deviation, σug , 80min before CP onset, we keep again a 20min offset between CP141

onset and the 2-hour time window of the reference values. If no wind gust data has been142

recorded between t− 20min and t+ 40min, or if the reference values ug(t− 80min)143

and ug(t−80min) could not be computed due to missing data, we consider the event144

as "no CP."145

Differing from Kruse et al. (2022), we evaluate the wind criterion based on wind146

gust rather than wind speed. Since we work with station data with a temporal resolu-147

tion of 5min in contrast to 1min in (Kruse et al., 2022), we find wind gust a better in-148

dicator for CP gust fronts than wind speed.149

(iii) Duplicate detection check. Often, a CP fulfills the defined criteria (i) and (ii)150

not only at time t, but also at subsequent time steps. Depending on the evolution of tem-151

perature and wind gust behind the CP gust front, time steps in which the criteria are152

met can even be separated from each other by time steps in which the criteria are not153

met. In order to avoid duplicate detection of a given CP, we drop detected CP events154

if at least one other CP event was detected within 20min before that particular event.155

Given the variety of environmental conditions under which we observe CPs at our sta-156

tion locations, we find this definition to be more permissive than the absolute 60min time157

window after detected temperature decreases, within which Kirsch et al. (2021) consider158

any detected decrease as part of the same event.159

3.2 Determination of Cold Pool Anomalies160

We analyze the effects of a detected CP with respect to different station-measured161

meteorological variables by considering a time window relative to CP onset, t0, from t0−162

40min to t0+120min. Within this time window, we evaluate the CP associated anoma-163

lies y′(t) ≡ y(t) − yref for a meteorological variable y based on an unperturbed refer-164

ence state yref , which we define as the temporal mean of instantaneous measurements165

in a time interval before CP onset. Since the onset is defined based on the temperature166

drop and thus could be different for other variables, we choose the time interval from t0−167

40min to t0−20min to keep a sufficient margin of 20min to the CP onset while pre-168

serving the required temporal proximity. To minimize any distortion of the reference state169

through the diurnal cycle, we deviate from this definition only for temperature anoma-170

lies and follow the approach of the refined temperature drop from Kruse et al. (2022)171

instead, i.e., we consider the maximum temperature of the two measurements in the 10min172

time window preceding the CP onset as unperturbed reference temperature.173

Due to the coarser temporal resolution, we extend the time window in which we174

analyze the anomalies before CP onset to 60min for satellite-measured 10.8µm bright-175

–5–
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ness temperatures, BT10.8, and define the reference brightness temperature, BT ref
10.8, as176

the mean of the three observations in the time interval from t0−60min to t0−30min.177

As there might not be a brightness temperature observation at the station-derived CP178

onset, t0, we define the closest satellite time step as t̂0 and measure the CP time rela-179

tive to it. The brightness temperature anomalies, BT ′
10.8, are then computed analogously180

to those for station-measured variables. Moreover, to further investigate the space-borne181

CP signature, we additionally determine the temporal change of BT ′
10.8, as ∆BT ′

10.8(t) =182

BT ′
10.8(t)−BT ′

10.8(t− 15min).183

4 Results184

4.1 Seasonal and Diurnal Cycle of Observed Cold Pools185

First, we derive the seasonal and diurnal cycles of CPs in the different sub-regions186

(Fig. 1) and relate them with precipitation, convection depth and moisture conditions187

(Fig. 2). With about 0.3–0.6 CPs per day in the high seasons (Fig. 2a, Table S2), equa-188

torial Africa is a region with particular CP abundance compared to previous climatolo-189

gies in other continental regions (Redl et al., 2015; Kirsch et al., 2021; Kruse et al., 2022).190

In every sub-region, the number of CPs peaks twice during the course of the year with191

a first maximum between March and May and a second maximum between September192

and October. The bi-modality in the annual cycle of CPs largely corresponds to the lat-193

itudinal migration of the Inter-Tropical Convergence Zone (ITCZ) which is reflected in194

the precipitation seasonal cycles (Fig. 2c). However, we note that precipitation may not195

explain all the features of the annual cycle of CPs and the differences between sub-regions.196

For instance, Nigeria presents a single precipitation peak in September whereas the oc-197

currence of CPs peaks in both May and September. There, the strong CP activity dur-198

ing May may be related to the combination of deeper convection (Fig. 2e) fed by high199

equivalent potential temperatures (θE ; Fig. S1) and of higher low-level water vapor mix-200

ing ratio deficit (rD; Fig. 2g) boosting rain evaporation. We also note that Uganda re-201

ceives the least precipitation among sub-regions while experiencing the most of CPs dur-202

ing the year. We attribute the larger number of CPs in Uganda to generally drier con-203

ditions at low levels (Fig. 2g).204

The diurnal cycle of CPs strongly peaks between 15 LT and 18 LT in most of the205

regions with the exception of Nigeria where the peak is reached between 18 LT and 21 LT206

(Fig. 2b). The high CP activity during the afternoon can be directly related to the af-207

ternoon peak in (deep) convection, highlighted by maxima in precipitation (Fig. 2d) and208

lower brightness temperatures (Fig. 2f). Consistently with earlier studies (Zhang et al.,209

2016; Camberlin et al., 2018; Andrews et al., 2023), precipitation shows secondary noc-210

turnal peaks in Uganda and Congo, and remains high during the night in Nigeria, whereas211

the proportion of CPs displays local minima during these hours. This mismatch between212

precipitation and CPs is likely to be related to both the decline of convection during the213

night (leading to weaker rainfall intensities and downdrafts) and to moister conditions214

at the surface (reducing rainfall evaporative cooling; Fig. 2h) which both inhibit CP for-215

mation (Zuidema et al., 2017).216

4.2 Observed Cold Pool Characteristics217

We further characterize equatorial African CPs by examining their related temper-218

ature and moisture anomalies (defined in Sec. 3.2). On average, a CP in equatorial Africa219

is accompanied by a 5K drop in temperature (compared to 3K in Germany; Kirsch et220

al. (2021)) occurring in about 30 minutes, with little variability among sub-regions (Fig. 3a,221

Table S2). Different from Kirsch et al. (2021) over Germany, we generally observe a de-222

crease in specific humidity after the passage of CPs over equatorial Africa (Fig. 3d). In-223

terestingly, we find that the magnitude of this decrease is smaller in the elevated (Ta-224

ble S1) stations of Uganda (−1 g/kg) characterized by less deep convection (Fig. 2e,f)225

–6–
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a b

c d

e f

g h

Figure 2: Observed seasonal and diurnal cycles. a, Mean number of daily cold pool
(CP) events for each month. Lines interpolate linearly between markers to facilitate the
interpretation; colors indicate different regions. The number of CP events is normalized
based on the number of analyzed days per month and region. b, Proportion of CP events
at different times of the day. Each marker represents the proportion of CP events ob-
served within a given 3-hour time interval, starting with the interval [0,3) for the marker
at 0 LT. Lines and colors analogous to (a). c, Analogous to (a) but for precipitation. d,
Analogous to (b) but for precipitation. e, Mean 10.8µm brightness temperature, BT10.8,
of deep clouds (BT10.8 ≤ 240K) for each month. Lines and colors analogous to (a). f,
Mean BT10.8 of deep clouds at different times of the day. Intervals, lines and colors anal-
ogous to (b). The two lines for Nigeria represent rainy months (Apr–Oct, solid line with
markers) and dry months (Nov–Mar, dashed). g, Analogous to (e) but for mean mixing
ratio deficit, rD. h, Analogous to (f) but for mean rD.
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and drier low-level environments (Fig. 2g,h) compared to the other sub-regions (about226

−3 g/kg). Less deep convection is likely to be associated with less elevated (relative to227

the surface level) convective downdrafts (Zuidema et al., 2017) importing less upper-level228

dry air to the surface, which combined with enhanced rain evaporation due to drier en-229

vironments, may explain the reduced decline in specific humidity over Uganda. When230

considering the 25% driest (moistest) low-level pre-CP environments, we further evidence231

the large impact of moisture conditions, and thus of rain evaporation, on CP temper-232

ature and moisture anomalies in all sub-regions (Fig. 2b,c,e,f). Indeed, we find CP anoma-233

lies that are on average 3K cooler and 2 g/kg moister in the driest pre-CP conditions234

than in the moistest pre-CP conditions. We note weak maxima in specific humidity oc-235

curring few minutes after the CP onset (so-called moisture rings) over Cameroon, Uganda236

and Congo for the driest pre-CP environments. Finally, the temporal evolutions of rD237

(Fig. 3g,h,i) reveal that in the driest environments, rain evaporation is not sufficient to238

saturate the low-level air (similar to Germany; Kirsch et al. (2021)).239

a b c

d e f

g h i

Figure 3: Station-derived cold pool (CP) properties relative to CP onset, t0.
a, Mean temperature anomalies, T ′, for different regions; shading indicates the 95% con-
fidence interval. b, Analogous to (a) but for the 25% driest CPs of each region w.r.t.
the reference mixing ratio deficit, rrefD , prior to t0. c, Analogous to (b) but for the 25%
moistest CPs. d–f, Analogous to (a)–(c) but for mean specific humidity anomalies, q′. g–
i, Analogous to (a)–(c) but for mean mixing ratio deficits, rD. Note that only timeseries
of CPs, where t0 is more than 120 minutes apart from other CP onsets, are included in
the analysis.

Moving to CP cloud characteristics, we find that 92% (Nigeria) to 100% (Congo)240

of CP gust fronts are accompanied by shallow or deep convective clouds (Fig. S2a). More241

specifically, a CP is generally accompanied by a strong (reaching 30K in Cameroon) de-242

crease in BT10.8 (Fig. 4a). The BT10.8 minimum is typically reached 30–45 minutes af-243

–8–
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ter CP onset. While this minimum is delayed w.r.t. the CP onset, we find a minimum244

of the time derivative of BT ′
10.8 synchronized with the CP onset in all sub-regions (Fig. 4b).245

This observation suggests that CPs in equatorial Africa, and potentially other regions,246

might be detectable from space-borne satellite data.247

a

b

Figure 4: Space-borne signatures of cold pools (CPs) relative to CP onset, t̂0.
a, Mean 10.8µm brightness temperature anomalies, BT ′

10.8, of station-derived CPs for
different regions; shading indicates the 95% confidence interval. b, Analogous to (a) but
for the corresponding derivative ∆BT ′

10.8.

4.3 Cold Pool Examples With Deep and Shallow Convection248

We now turn to two contrasting examples of observed CPs (Fig. 5). The two sta-249

tion locations at which the CPs were detected are indicated in Fig. 5a).250

The first CP (Fig. 5; left column) was detected in DR Congo at station TA673 on251

November 28, 2021, at 13:40 UTC. The CP was associated with a mesoscale convective252

system, visible in the satellite-derived 10.8µm brightness temperature image at 13:45253

UTC (Fig. 5b). The corresponding brightness temperature timeseries of different satel-254

lite channels at the station are depicted in Fig. 5d). All channels show a significant bright-255

ness temperature decrease around CP onset, with a maximum decrease rate right at the256

onset. Between 12:30 and 14:45 UTC, the brightness temperature dropped by 85K in257

the 10.8µm channel and then slowly increased again. The station record (Fig. 5f) fur-258

ther reveals a massive air temperature drop of 9.6K between 13:40 and 14:00 UTC, ac-259

companied by increased wind gust speeds of up to 6.5m/s. By 14:00 UTC, when the tem-260

–9–
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perature stabilized again, the air became fully saturated. Five minutes later, the rain-261

fall intensity peaked at approximately 65mm/h.262

The second CP (Fig. 5; right column) was detected in Uganda at station TA222263

on July 2, 2021, at 12:05 UTC. During the time it was detected, the CP featured arc-264

shaped shallow convection at the gust front, distinctly separated from the parent con-265

vection by clear skies (Fig. 5c). The corresponding brightness temperature timeseries at266

the station (Fig. 5e) confirm the passage of low-level clouds right at the time of the station-267

derived CP onset. Around the CP onset, no rainfall was measured at the station (Fig. 5g).268

This time, the observed wind gust speeds increase approximately 5–10 minutes before269

the drop in air temperature and reach a peak value of 10m/s at CP onset.270

5 Summary and Discussion271

The present study provides multi-year statistics of cold pool characteristics in equa-272

torial Africa, based on five-minute near-surface weather data. Using detection methods273

similar to those in previous studies focused on mid-latitude continental regions, key find-274

ings include that temperature drops upon gust front passage often exceed 5K and spe-275

cific humidities typically decrease by more than 3 g/kg. Weak moisture rings can only276

be identified for the driest cold pools in some of the regions — in agreement with Kruse277

et al. (2022) for data in the Netherlands where moisture rings were generally not detected.278

Seasonally, the rate of cold pool occurrence roughly follows precipitation statistics.279

Yet, diurnally, the fact that the nocturnal boundary layer is often close to saturation may280

focus the diurnal cycle of cold pool occurrence on the drier late afternoon times. This281

may have important implications for thunderstorm organization through cold pool ac-282

tivity: the limited time window where cold pools actually occur during the day means283

that self-organization may be limited to relatively short periods of the day. One could284

speculate that it is the lack of cold pool activity that limits the duration of mesoscale285

convective systems, often less than 12 hours, rather than the precipitation itself (which286

is more spread out over the day). Future studies should analyze if deep convection is more287

scattered during the nocturnal periods when fewer cold pools occur. Comparisons with288

oceanic cold pools and their organizational effects, which tend to be weaker (Zuidema289

et al., 2017), would be useful.290

Our cold pool detection algorithm can be adapted to other regions, provided that291

there are in-situ weather stations measuring surface wind and temperature with at least292

a 5-minute temporal resolution. However, in-situ weather stations meeting this require-293

ment are still limited in the tropics, whereas cold pools are abundant. Encouragingly,294

our findings may have implications for satellite-based cold pool detection: we show that295

the gust front passage clearly correlates with discontinuities in satellite-derived bright-296

ness temperature. We generally observe a significant decrease in brightness temperatures297

around the time of the gust front passage, with maximum decrease rates at the station-298

derived cold pool onset. Our findings thus suggest that cold pools in equatorial Africa,299

and potentially other regions, could be directly detectable from geostationary satellite300

data on a continental scale. Even in cases where not all parts of a cold pool gust front301

exhibit brightness temperature drops (Fig. S2b), neural networks, such as those devel-302

oped by Hoeller, Fiévet, and Haerter (2023), may still possess the capability to detect303

the overall two-dimensional pattern and accurately track the gust front.304
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a

b c

d e

f g

Figure 5: Cold pool (CP) case studies. a, Map displaying the locations of the sta-
tions utilized in the two case studies. Rectangles indicate the regions depicted in (b) and
(c). b, Satellite-derived 10.8µm brightness temperatures, BT10.8, in the vicinity of station
TA00673 on November 28, 2021, at 13:45, close to a station-derived CP onset at 13:40.
c, Analogous to (b) but for station TA00222 on July 2, 2021, at 12:00 and a CP onset at
12:05. d, Timeseries of satellite-derived brightness temperatures at station TA673 during
the CP event visualized in (b). e, Analogous to (d) but for the CP event at station TA222
visualized in (c). f-g, Analogous to (d-e) but for different near-surface observations.
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Key Points:10

• 4289 cold pools are identified across equatorial Africa based on temperature and11

wind criteria.12

• The occurrence and intensity of the observed cold pools are related to low-level13

moisture conditions and the depth of convection.14

• The identified cold pool gust fronts closely correlate with satellite-observed bright-15

ness temperature discontinuities.16
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Abstract17

Due to their potential role in organizing tropical mesoscale convective systems, a bet-18

ter understanding of cold pool (CP) dynamics in such regions is critical, particularly over19

land where the diurnal cycle further concentrates convective activity. Numerical mod-20

els help disentangle the processes involved but often lack observational benchmark stud-21

ies. To close this gap, we analyze nearly 43 years of five-minute resolution near-surface22

timeseries records from twelve automatic weather stations across equatorial Africa. We23

identify 4289 CPs based on criteria for temperature and wind. The identified CP gust24

fronts, which exhibit respective median temperature and specific humidity decreases of25

5.2K and 2.8 g/kg, closely correlate with satellite-observed brightness temperature dis-26

continuities. Despite weak diurnal variation in precipitation, observed CP occurrence shows27

a pronounced diurnal cycle with an afternoon peak — a finding we attribute to low-level28

moisture conditions. Our findings can serve as observational benchmark to improve sim-29

ulations of CP organization.30

Plain Language Summary31

Convective cold pools form when rain evaporates underneath thunderstorm clouds.32

The evaporation causes the air to cool and sink toward the ground, where it is deflected33

horizontally. Cold pools are thus associated with strong gusty winds, and over tropical34

land, they can be especially vigorous. Cold pools are also suggested to contribute to the35

organization of thunderstorm clouds into large clusters of rain-producing areas. The widespread,36

heavy rainfall can then cause flooding. To better predict such flooding in numerical weather37

models, having a precise observational basis for cold pool properties is essential — yet38

currently missing in equatorial Africa. We here provide such an observational benchmark39

by analyzing thousands of cold pools using timeseries of near-surface temperature, wind,40

humidity and precipitation. We additionally show that the cold pools can even be de-41

tected from satellite data when analyzing abrupt changes in cloud top temperature. Such42

satellite-based detection could open for cold pool studies across all tropical land areas43

— of great practical relevance to the prediction of thunderstorm clusters.44

1 Introduction45

Convective cold pools (CPs) are caused by the evaporation of rainfall beneath deep46

convective clouds (Zuidema et al., 2017). The resultant denser air volume within the sub-47

cloud layer spreads out laterally along the surface and is known to cause a so-called "gust48

front" along its edges. The gust front features strong horizontal and vertical winds along49

with moisture and temperature anomalies which together can give rise to additional deep50

convective events, e.g., under collisions (Purdom, 1976; Feng et al., 2015). CPs are thus51

important agents in mediating interactions between deep convective cells and thus the52

self-organization of thunderstorm systems (Simpson, 1980; Tompkins, 2001b; Haerter et53

al., 2019; Jensen et al., 2021).54

Recent idealized cloud-resolving and large-eddy simulations have provided new quan-55

titative and qualitative insight into CP structure and dynamics, such as scaling analy-56

sis to obtain a required mesh resolution (Fiévet et al., 2022), the potential origin of mois-57

ture rings (Langhans & Romps, 2015; Drager et al., 2020), and insight into interaction58

mechanisms (Tompkins, 2001a; Torri et al., 2015; Meyer & Haerter, 2020; Haerter et al.,59

2020). Such simulation studies have also triggered a range of simplified conceptual mod-60

els, (Böing, 2016; Haerter, 2019; Haerter et al., 2019; Nissen & Haerter, 2021; Niehues61

et al., 2022), which may help elucidate some of the organizing mechanisms involved. New62

methods of CP detection in numerical studies have also been developed, which help au-63

tomatize the tracking of CP gust fronts and their interactions in space and time (Gentine64

et al., 2016; Torri & Kuang, 2019; Fournier & Haerter, 2019; Henneberg et al., 2020; Hoeller65

et al., 2022; Hoeller, Fiévet, & Haerter, 2023).66
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Despite this progress in numerical and theoretical work, direct measurements of CPs67

are still limited to specific geographic regions, such as the tropical and sub-tropical ocean68

(Zipser, 1977; Zuidema et al., 2012; Vogel, 2017; Chandra et al., 2018; Vogel et al., 2021),69

and mid-latitude continental regions in Central Europe (Kirsch et al., 2021; Kruse et al.,70

2022) or North America (Mueller & Carbone, 1987; Wakimoto, 1982; Engerer et al., 2008;71

Hitchcock et al., 2019; van den Heever et al., 2021). With a focus on dust storms, in semi-72

arid tropical regions a CP detection method was suggested based on surface measure-73

ments and satellite microwave data (Redl et al., 2015).74

The importance of collecting information on CPs and precipitation in deep trop-75

ical regions has been pointed out (Adams et al., 2015) but systematic, climatological stud-76

ies on CPs in such regions are still rare or lacking. This may partially be due to diffi-77

cult environmental conditions which pose challenging demands on equipment and main-78

tenance (Parker et al., 2008). Also the availability of funds may hinder systematic long-79

term campaigns in some regions. A notable exception is the trans-African hydro-meteorological80

observatory (TAHMO) which offers a promising network of station measurements in many81

sub-Saharan African countries (van de Giesen et al., 2014). Using a range of stations from82

the TAHMO network, we here present a climatology of CP measurements for equato-83

rial Africa and compare findings to previous work in other geographic regions.84

2 Data85

2.1 Station data86

We utilize data from twelve ATMOS41 automatic weather stations (AWS) in equa-87

torial Africa (Fig. 1), operated by TAHMO (TAHMO, 2023). The stations are situated88

in Cameroon, the Democratic Republic of the Congo (DR Congo), Nigeria, and Uganda.89

In order to investigate the influence of regional climatic differences on CPs, we group sta-90

tions according to their respective deployment countries in the following analysis.91

The AWS provide data at a temporal resolution of five minutes. All stations are92

installed at an approximate height of two meters above the surface. For our analysis, we93

employ the station records of precipitation, atmospheric pressure, air temperature, rel-94

ative humidity, and wind gust speed. To derive the wind gust speed, the ATMOS41 mea-95

sures the instantaneous wind speed every ten seconds and outputs the maximum instan-96

taneous wind speed value within the corresponding five-minute interval as wind gust speed.97

If an instantaneous wind speed is larger than eight times the running average of the pre-98

vious ten instantaneous measurements, the measurement is rejected. While this method99

may prevent spurious spikes in the wind record under normal conditions, it can cause100

missing wind data in cases of large and sudden wind changes. Given the frequent occur-101

rence of such strong wind variations associated with CP gust fronts, approximately 22%102

of all identified CPs have an incomplete wind record.103

We analyze the data recorded by the stations from January 1, 2019, to September104

30, 2023. As not all stations were operational throughout the entire period, we limit our105

analysis for each station to days with complete air temperature record. Additionally, we106

require the air temperature to be recorded for a minimum of ten consecutive minutes from107

the previous day and for the subsequent 120 minutes on the following day. The result-108

ing number of analysis days per station is indicated in Fig. 1. In total, we analyzed 15602109

days and thus nearly 43 years of station data.110

Based on the station-measured variables, we additionally compute both mixing ra-111

tio, r and saturated mixing ratio, rsat (see Text S1), and derive the mixing ratio deficit,112

rD ≡ rsat − r and the specific humidity, q ≡ r/(1 + r).113
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Figure 1: Employed weather station data. Map of equatorial Africa with station
locations (filled black circles) utilized in this study. Numbers represent available days of
station data with a complete record of air temperature, T . The stations are grouped into
four regions denoted by the colored circles: Cameroon (blue), Democratic Republic of the
Congo (yellow), Nigeria (green), Uganda (red). The area of colored circles is proportional
to the available days of station data.

2.2 Satellite data114

Apart from the station data, we utilize infrared brightness temperature measure-115

ments which we derive from satellite-measured effective radiances. The radiances are ex-116

tracted from Meteosat Second Generation (MSG) 0° products provided by the European117

Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) (EUMETSAT,118

2023). The data has a baseline repeat cycle of 15min and a spatial resolution of 3 km119

in the sub-satellite point. To convert the radiances to brightness temperatures we em-120

ploy equation 5.3 and the corresponding regression coefficients of EUMETSAT (2012).121

3 Methods122

3.1 Cold Pool Detection Algorithm123

(i) Temperature criterion. A potential CP event is detected at a given time t if three124

conditions apply: similar to Kirsch et al. (2021) we require a substantial temperature125

decrease ∆T ≤ −2K, within the 20min window from t − 5min to t + 15min. Ad-126

ditionally, we require the decrease of ∆T to be monotonic and T (t)− T (t− 5min) ≤127

0.5K.128

(ii) Wind criterion. To verify detected potential CP events, we adapt the wind cri-
terion introduced by Kruse et al. (2022). For this purpose, we compute the wind gust
anomaly for each time t as

∆ug(t) ≡ ug(t)− ug(t) , (1)

where ug is the wind gust speed and ug its centered 2-hour running mean, i.e., the mean129

value of the 25 wind gust speeds recorded during the the corresponding 2-hour window.130

For a potential CP event at time t we identify the maximum wind gust anomaly,
∆umax

g , between t− 20min and t+ 40min. We consider it as CP event if

∆umax
g ≥ ∆ug(t) + 3σ∆ug

(t) , (2)
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with the centered 24-hour running mean of the wind gust anomaly, ∆ug, and the cor-131

responding 24-hour running standard deviation, σ∆ug .132

As the CP onset is defined based on the temperature criterion, we also search for133

associated wind gusts in a 20min time window before CP onset. We choose 20min rather134

than the 10min used by Kruse et al. (2022) since our temperature criterion involves a135

minimum decrease of −0.5K within 5min to define the onset of potential CPs and might136

thus delay the onset in comparison to Kruse et al. (2022). The 40min time window af-137

ter CP onset allows significant wind offsets while ensuring a temporal relation between138

∆T and ∆umax
g .139

In case of missing wind gust anomalies between t−20min and t+40min, we iden-
tify the maximum wind gust, umax

g within this time window rather than ∆umax
g and con-

sider the event a CP if

umax
g ≥ ug(t− 80min) + 2σug

(t− 80min) . (3)

By evaluating the centered 2-hour running mean ug and the corresponding stan-140

dard deviation, σug , 80min before CP onset, we keep again a 20min offset between CP141

onset and the 2-hour time window of the reference values. If no wind gust data has been142

recorded between t− 20min and t+ 40min, or if the reference values ug(t− 80min)143

and ug(t−80min) could not be computed due to missing data, we consider the event144

as "no CP."145

Differing from Kruse et al. (2022), we evaluate the wind criterion based on wind146

gust rather than wind speed. Since we work with station data with a temporal resolu-147

tion of 5min in contrast to 1min in (Kruse et al., 2022), we find wind gust a better in-148

dicator for CP gust fronts than wind speed.149

(iii) Duplicate detection check. Often, a CP fulfills the defined criteria (i) and (ii)150

not only at time t, but also at subsequent time steps. Depending on the evolution of tem-151

perature and wind gust behind the CP gust front, time steps in which the criteria are152

met can even be separated from each other by time steps in which the criteria are not153

met. In order to avoid duplicate detection of a given CP, we drop detected CP events154

if at least one other CP event was detected within 20min before that particular event.155

Given the variety of environmental conditions under which we observe CPs at our sta-156

tion locations, we find this definition to be more permissive than the absolute 60min time157

window after detected temperature decreases, within which Kirsch et al. (2021) consider158

any detected decrease as part of the same event.159

3.2 Determination of Cold Pool Anomalies160

We analyze the effects of a detected CP with respect to different station-measured161

meteorological variables by considering a time window relative to CP onset, t0, from t0−162

40min to t0+120min. Within this time window, we evaluate the CP associated anoma-163

lies y′(t) ≡ y(t) − yref for a meteorological variable y based on an unperturbed refer-164

ence state yref , which we define as the temporal mean of instantaneous measurements165

in a time interval before CP onset. Since the onset is defined based on the temperature166

drop and thus could be different for other variables, we choose the time interval from t0−167

40min to t0−20min to keep a sufficient margin of 20min to the CP onset while pre-168

serving the required temporal proximity. To minimize any distortion of the reference state169

through the diurnal cycle, we deviate from this definition only for temperature anoma-170

lies and follow the approach of the refined temperature drop from Kruse et al. (2022)171

instead, i.e., we consider the maximum temperature of the two measurements in the 10min172

time window preceding the CP onset as unperturbed reference temperature.173

Due to the coarser temporal resolution, we extend the time window in which we174

analyze the anomalies before CP onset to 60min for satellite-measured 10.8µm bright-175
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ness temperatures, BT10.8, and define the reference brightness temperature, BT ref
10.8, as176

the mean of the three observations in the time interval from t0−60min to t0−30min.177

As there might not be a brightness temperature observation at the station-derived CP178

onset, t0, we define the closest satellite time step as t̂0 and measure the CP time rela-179

tive to it. The brightness temperature anomalies, BT ′
10.8, are then computed analogously180

to those for station-measured variables. Moreover, to further investigate the space-borne181

CP signature, we additionally determine the temporal change of BT ′
10.8, as ∆BT ′

10.8(t) =182

BT ′
10.8(t)−BT ′

10.8(t− 15min).183

4 Results184

4.1 Seasonal and Diurnal Cycle of Observed Cold Pools185

First, we derive the seasonal and diurnal cycles of CPs in the different sub-regions186

(Fig. 1) and relate them with precipitation, convection depth and moisture conditions187

(Fig. 2). With about 0.3–0.6 CPs per day in the high seasons (Fig. 2a, Table S2), equa-188

torial Africa is a region with particular CP abundance compared to previous climatolo-189

gies in other continental regions (Redl et al., 2015; Kirsch et al., 2021; Kruse et al., 2022).190

In every sub-region, the number of CPs peaks twice during the course of the year with191

a first maximum between March and May and a second maximum between September192

and October. The bi-modality in the annual cycle of CPs largely corresponds to the lat-193

itudinal migration of the Inter-Tropical Convergence Zone (ITCZ) which is reflected in194

the precipitation seasonal cycles (Fig. 2c). However, we note that precipitation may not195

explain all the features of the annual cycle of CPs and the differences between sub-regions.196

For instance, Nigeria presents a single precipitation peak in September whereas the oc-197

currence of CPs peaks in both May and September. There, the strong CP activity dur-198

ing May may be related to the combination of deeper convection (Fig. 2e) fed by high199

equivalent potential temperatures (θE ; Fig. S1) and of higher low-level water vapor mix-200

ing ratio deficit (rD; Fig. 2g) boosting rain evaporation. We also note that Uganda re-201

ceives the least precipitation among sub-regions while experiencing the most of CPs dur-202

ing the year. We attribute the larger number of CPs in Uganda to generally drier con-203

ditions at low levels (Fig. 2g).204

The diurnal cycle of CPs strongly peaks between 15 LT and 18 LT in most of the205

regions with the exception of Nigeria where the peak is reached between 18 LT and 21 LT206

(Fig. 2b). The high CP activity during the afternoon can be directly related to the af-207

ternoon peak in (deep) convection, highlighted by maxima in precipitation (Fig. 2d) and208

lower brightness temperatures (Fig. 2f). Consistently with earlier studies (Zhang et al.,209

2016; Camberlin et al., 2018; Andrews et al., 2023), precipitation shows secondary noc-210

turnal peaks in Uganda and Congo, and remains high during the night in Nigeria, whereas211

the proportion of CPs displays local minima during these hours. This mismatch between212

precipitation and CPs is likely to be related to both the decline of convection during the213

night (leading to weaker rainfall intensities and downdrafts) and to moister conditions214

at the surface (reducing rainfall evaporative cooling; Fig. 2h) which both inhibit CP for-215

mation (Zuidema et al., 2017).216

4.2 Observed Cold Pool Characteristics217

We further characterize equatorial African CPs by examining their related temper-218

ature and moisture anomalies (defined in Sec. 3.2). On average, a CP in equatorial Africa219

is accompanied by a 5K drop in temperature (compared to 3K in Germany; Kirsch et220

al. (2021)) occurring in about 30 minutes, with little variability among sub-regions (Fig. 3a,221

Table S2). Different from Kirsch et al. (2021) over Germany, we generally observe a de-222

crease in specific humidity after the passage of CPs over equatorial Africa (Fig. 3d). In-223

terestingly, we find that the magnitude of this decrease is smaller in the elevated (Ta-224

ble S1) stations of Uganda (−1 g/kg) characterized by less deep convection (Fig. 2e,f)225
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a b

c d

e f

g h

Figure 2: Observed seasonal and diurnal cycles. a, Mean number of daily cold pool
(CP) events for each month. Lines interpolate linearly between markers to facilitate the
interpretation; colors indicate different regions. The number of CP events is normalized
based on the number of analyzed days per month and region. b, Proportion of CP events
at different times of the day. Each marker represents the proportion of CP events ob-
served within a given 3-hour time interval, starting with the interval [0,3) for the marker
at 0 LT. Lines and colors analogous to (a). c, Analogous to (a) but for precipitation. d,
Analogous to (b) but for precipitation. e, Mean 10.8µm brightness temperature, BT10.8,
of deep clouds (BT10.8 ≤ 240K) for each month. Lines and colors analogous to (a). f,
Mean BT10.8 of deep clouds at different times of the day. Intervals, lines and colors anal-
ogous to (b). The two lines for Nigeria represent rainy months (Apr–Oct, solid line with
markers) and dry months (Nov–Mar, dashed). g, Analogous to (e) but for mean mixing
ratio deficit, rD. h, Analogous to (f) but for mean rD.
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and drier low-level environments (Fig. 2g,h) compared to the other sub-regions (about226

−3 g/kg). Less deep convection is likely to be associated with less elevated (relative to227

the surface level) convective downdrafts (Zuidema et al., 2017) importing less upper-level228

dry air to the surface, which combined with enhanced rain evaporation due to drier en-229

vironments, may explain the reduced decline in specific humidity over Uganda. When230

considering the 25% driest (moistest) low-level pre-CP environments, we further evidence231

the large impact of moisture conditions, and thus of rain evaporation, on CP temper-232

ature and moisture anomalies in all sub-regions (Fig. 2b,c,e,f). Indeed, we find CP anoma-233

lies that are on average 3K cooler and 2 g/kg moister in the driest pre-CP conditions234

than in the moistest pre-CP conditions. We note weak maxima in specific humidity oc-235

curring few minutes after the CP onset (so-called moisture rings) over Cameroon, Uganda236

and Congo for the driest pre-CP environments. Finally, the temporal evolutions of rD237

(Fig. 3g,h,i) reveal that in the driest environments, rain evaporation is not sufficient to238

saturate the low-level air (similar to Germany; Kirsch et al. (2021)).239

a b c

d e f

g h i

Figure 3: Station-derived cold pool (CP) properties relative to CP onset, t0.
a, Mean temperature anomalies, T ′, for different regions; shading indicates the 95% con-
fidence interval. b, Analogous to (a) but for the 25% driest CPs of each region w.r.t.
the reference mixing ratio deficit, rrefD , prior to t0. c, Analogous to (b) but for the 25%
moistest CPs. d–f, Analogous to (a)–(c) but for mean specific humidity anomalies, q′. g–
i, Analogous to (a)–(c) but for mean mixing ratio deficits, rD. Note that only timeseries
of CPs, where t0 is more than 120 minutes apart from other CP onsets, are included in
the analysis.

Moving to CP cloud characteristics, we find that 92% (Nigeria) to 100% (Congo)240

of CP gust fronts are accompanied by shallow or deep convective clouds (Fig. S2a). More241

specifically, a CP is generally accompanied by a strong (reaching 30K in Cameroon) de-242

crease in BT10.8 (Fig. 4a). The BT10.8 minimum is typically reached 30–45 minutes af-243
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ter CP onset. While this minimum is delayed w.r.t. the CP onset, we find a minimum244

of the time derivative of BT ′
10.8 synchronized with the CP onset in all sub-regions (Fig. 4b).245

This observation suggests that CPs in equatorial Africa, and potentially other regions,246

might be detectable from space-borne satellite data.247

a

b

Figure 4: Space-borne signatures of cold pools (CPs) relative to CP onset, t̂0.
a, Mean 10.8µm brightness temperature anomalies, BT ′

10.8, of station-derived CPs for
different regions; shading indicates the 95% confidence interval. b, Analogous to (a) but
for the corresponding derivative ∆BT ′

10.8.

4.3 Cold Pool Examples With Deep and Shallow Convection248

We now turn to two contrasting examples of observed CPs (Fig. 5). The two sta-249

tion locations at which the CPs were detected are indicated in Fig. 5a).250

The first CP (Fig. 5; left column) was detected in DR Congo at station TA673 on251

November 28, 2021, at 13:40 UTC. The CP was associated with a mesoscale convective252

system, visible in the satellite-derived 10.8µm brightness temperature image at 13:45253

UTC (Fig. 5b). The corresponding brightness temperature timeseries of different satel-254

lite channels at the station are depicted in Fig. 5d). All channels show a significant bright-255

ness temperature decrease around CP onset, with a maximum decrease rate right at the256

onset. Between 12:30 and 14:45 UTC, the brightness temperature dropped by 85K in257

the 10.8µm channel and then slowly increased again. The station record (Fig. 5f) fur-258

ther reveals a massive air temperature drop of 9.6K between 13:40 and 14:00 UTC, ac-259

companied by increased wind gust speeds of up to 6.5m/s. By 14:00 UTC, when the tem-260
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perature stabilized again, the air became fully saturated. Five minutes later, the rain-261

fall intensity peaked at approximately 65mm/h.262

The second CP (Fig. 5; right column) was detected in Uganda at station TA222263

on July 2, 2021, at 12:05 UTC. During the time it was detected, the CP featured arc-264

shaped shallow convection at the gust front, distinctly separated from the parent con-265

vection by clear skies (Fig. 5c). The corresponding brightness temperature timeseries at266

the station (Fig. 5e) confirm the passage of low-level clouds right at the time of the station-267

derived CP onset. Around the CP onset, no rainfall was measured at the station (Fig. 5g).268

This time, the observed wind gust speeds increase approximately 5–10 minutes before269

the drop in air temperature and reach a peak value of 10m/s at CP onset.270

5 Summary and Discussion271

The present study provides multi-year statistics of cold pool characteristics in equa-272

torial Africa, based on five-minute near-surface weather data. Using detection methods273

similar to those in previous studies focused on mid-latitude continental regions, key find-274

ings include that temperature drops upon gust front passage often exceed 5K and spe-275

cific humidities typically decrease by more than 3 g/kg. Weak moisture rings can only276

be identified for the driest cold pools in some of the regions — in agreement with Kruse277

et al. (2022) for data in the Netherlands where moisture rings were generally not detected.278

Seasonally, the rate of cold pool occurrence roughly follows precipitation statistics.279

Yet, diurnally, the fact that the nocturnal boundary layer is often close to saturation may280

focus the diurnal cycle of cold pool occurrence on the drier late afternoon times. This281

may have important implications for thunderstorm organization through cold pool ac-282

tivity: the limited time window where cold pools actually occur during the day means283

that self-organization may be limited to relatively short periods of the day. One could284

speculate that it is the lack of cold pool activity that limits the duration of mesoscale285

convective systems, often less than 12 hours, rather than the precipitation itself (which286

is more spread out over the day). Future studies should analyze if deep convection is more287

scattered during the nocturnal periods when fewer cold pools occur. Comparisons with288

oceanic cold pools and their organizational effects, which tend to be weaker (Zuidema289

et al., 2017), would be useful.290

Our cold pool detection algorithm can be adapted to other regions, provided that291

there are in-situ weather stations measuring surface wind and temperature with at least292

a 5-minute temporal resolution. However, in-situ weather stations meeting this require-293

ment are still limited in the tropics, whereas cold pools are abundant. Encouragingly,294

our findings may have implications for satellite-based cold pool detection: we show that295

the gust front passage clearly correlates with discontinuities in satellite-derived bright-296

ness temperature. We generally observe a significant decrease in brightness temperatures297

around the time of the gust front passage, with maximum decrease rates at the station-298

derived cold pool onset. Our findings thus suggest that cold pools in equatorial Africa,299

and potentially other regions, could be directly detectable from geostationary satellite300

data on a continental scale. Even in cases where not all parts of a cold pool gust front301

exhibit brightness temperature drops (Fig. S2b), neural networks, such as those devel-302

oped by Hoeller, Fiévet, and Haerter (2023), may still possess the capability to detect303

the overall two-dimensional pattern and accurately track the gust front.304
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a

b c

d e

f g

Figure 5: Cold pool (CP) case studies. a, Map displaying the locations of the sta-
tions utilized in the two case studies. Rectangles indicate the regions depicted in (b) and
(c). b, Satellite-derived 10.8µm brightness temperatures, BT10.8, in the vicinity of station
TA00673 on November 28, 2021, at 13:45, close to a station-derived CP onset at 13:40.
c, Analogous to (b) but for station TA00222 on July 2, 2021, at 12:00 and a CP onset at
12:05. d, Timeseries of satellite-derived brightness temperatures at station TA673 during
the CP event visualized in (b). e, Analogous to (d) but for the CP event at station TA222
visualized in (c). f-g, Analogous to (d-e) but for different near-surface observations.
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Introduction

Text S1 describes the computation employed for mixing ratio, saturated mixing ra-

tio, equivalent potential temperature, and temperature at the lifting condensation level.

Table S1 presents geographic information regarding the deployed automatic weather sta-

tions. Table S2 summarizes statistics on the 4289 cold pools (CPs) which we identified
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in five-minute near-surface data of twelve automatic weather stations in tropical Africa,

recorded between January 1, 2019 and September 30, 2023. Fig. S1 shows the station-

derived seasonal and diurnal cycle of near-surface equivalent potential temperature for

different regions across equatorial Africa. Fig. S2 shows two probability distributions of

satellite-derived properties of the identified cold pool gust fronts.

As in the main article, the statistics in Table S2, as well as the data in Fig. S1 and

Fig. S2, are grouped based on the stations’ deployment countries to enable an investigation

of regional differences. In addition to general information on CP occurrence, Table S2

contains data on the strength of station-observed near-surface CP anomalies, as well as

satellite-observed brightness temperatures. We assess the overall strength of a an anomaly

by its largest extreme value in the time window from t0 − 20min to t0 + 120min. Only

for temperature, T , based on which the CP onset was defined, we consider the time

window from t0 to t0 + 120min instead. For simplicity we refer to extreme values of

anomalies as perturbations and denote them with a ”δ”. Whether the identified extreme

values are maxima or minima depends on the variable and the detected CP: While we

exclusively search for minima for T and equivalent potential temperature (θe), we look

for maxima for wind gust speed (ug), relative humidity (RH) and atmospheric pressure

(p). For specific humidity, q, which may exhibit positive as well as negative perturbations,

we search for both minima and maxima and consider the extreme value with the larger

absolute value as perturbation. We define a maximum or minimum, respectively, as the

largest local maximum or minimum in the corresponding time window. An instantaneous

measurement y(t) at time t is a local maximum if y(t − 5min) ≤ y(t) > y(t + 5min)
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and analogously for a local minimum. If a certain anomaly record of an identified CP has

missing values or does not have an extreme value, we do not assign a perturbation. With

respect to satellite-observed brightness temperatures, we evaluate the minimum brightness

temperature, BTmin
10.8 by determining the minimum 10.8µm brightness temperature in the

time window from t̂0−60min to t̂0+120min, i.e., the corresponding time window around

the satellite-observed CP onset, t̂0, which we define in the main article.
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Text S1.

Based on the station-measured variables, we compute the saturated vapor pressure of

water, esat, using equation 10 of Bolton (1980). We then derive the saturated mixing

ratio, rsat, by plugging esat and the station-measured atmospheric pressure, p, into the

following equation from chapter 3.5.1 of Wallace and Hobbs (2006):

rsat = 0.622
esat

p− esat
. (1)

To compute the mixing ratio, r, we adapt equation 3.64 of Wallace and Hobbs (2006).

For the computation of the temperature at the lifting condensation level, TLCL, and the

equivalent potential temperature, θE, we employ equation 22 and 43, respectively, of

Bolton (1980).
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Table S1. Geographic information regarding the deployed automatic weather stations.

Station code Country Latitude [°N] Longitude [°E] Elevation [m]
TA00220 Uganda 1.21 32.74 1047
TA00222 Uganda 1.19 32.02 1069
TA00224 Uganda 0.57 32.64 1168
TA00410 DR Congo 0.82 24.46 464
TA00459 Nigeria 9.07 6.57 198
TA00580 Nigeria 7.84 9.78 162
TA00581 Nigeria 9.35 12.50 220
TA00584 Nigeria 7.80 8.62 104
TA00673 DR Congo 0.07 18.31 311
TA00717 Cameroon 3.90 11.89 734
TA00728 Cameroon 2.82 11.13 581
TA00730 Cameroon 3.47 11.49 665

Table S2. Summary of observed cold pool (CP) statistics including the total number of CPs

and CPs per day, along with median values of different CP properties; sub- and superscripts

indicate the interquartile range.

Cameroon DR Congo (eq.) Nigeria Uganda All
#CPs 791 652 1086 1760 4289
#CPs/day 0.26 0.26 0.19 0.41 0.24
δT −4.90+1.20

−1.70 −5.50+1.60
−1.80 −5.30+1.40

−2.00 −5.30+1.50
−2.00 −5.20+1.40

−2.00

δq −3.06+1.07
−1.14 −3.70+1.03

−1.23 −3.68+1.30
−1.13 −1.91+1.3

−0.95 −2.80+1.31
−1.27

δug 2.84+1.28
−0.99 2.83+1.43

−1.00 4.25+1.91
−1.69 3.18+1.25

−0.90 3.18+1.39
−1.04

δθe −15.92+4.30
−5.09 −18.45+4.57

−6.43 −17.94+5.25
−5.66 −12.51+4.50

−4.60 −15.37+4.98
−5.48

δRH 0.15+0.07
−0.07 0.16+0.07

−0.08 0.13+0.08
−0.05 0.21+0.08

−0.07 0.17+0.07
−0.07

δp 1.23+0.77
−0.67 1.35+0.75

−0.77 1.65+0.83
−0.73 0.85+0.60

−0.45 1.18+0.75
−0.63

BTmin
10.8 212+22

−11 208+23
−11 206+27

−10 222+30
−15 214+30

−12
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a b

Figure S1. Station-derived seasonal and diurnal cycle of near-surface equivalent potential

temperature, θE. a, Mean θE for each month. Lines interpolate linearly between markers to

facilitate the interpretation; colors indicate different regions. b, Mean θE at different times of

the day. Each marker represents the mean value for a given 3-hour time interval, starting with

the interval [0,3) for the marker at 0 LT. Lines and colors analogous to (a). The two lines for

Nigeria represent rainy months (Apr–Oct, solid line with markers) and dry months (Nov–Mar,

dashed).
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a b

Figure S2. Probability distributions of satellite-derived cold pool (CP) properties. a, Distri-

bution of the difference between the temperature at the lifting condensation level, TLCL, and the

corresponding 10.8µm brightness temperature, BT10.8 of identified CP gust fronts; to increase

the robustness, the difference is calculated based on the mean values of the two measurements

at the nearest satellite time steps around the station-derived CP onset, t0. Values below zero

represent gust fronts with clear skies. Colors indicate different regions. b, Distribution of the

temporal change of 10.8µm brightness temperature anomalies, ∆BT ′
10.8, at the satellite-observed

CP onset, t̂0; colors analogous to (a).
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